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ABSTRACT
The te ra to g en ic ity  of methoxyacetic acid (MAA) was studied using ra t  
whole-embryo and limb bud micromass cultures. MAA and some re la ted  alkoxy 
acids were d irec t-ac t in g  teratogens in both systems. S tru c tu re -a c t iv i ty  
investigations produced the same rank-order of potency; methylthioacetate > 
MAA > ethoxyacetate. A l l  other compounds tested were e i th e r  much less 
e f fe c t iv e  or inactive .
In whole embryo culture  the uptake of MAA was rap id , appeared to be by 
simple d if fu s io n , and to be determined by pH p a r t i t io n in g .  MAA accumulated 
in the r e la t iv e ly  a lk a l in e  conceptus; fo r  example, the exocoelomic f lu id  
concentration was 1.7 fo ld  that of the medium. In micromass cultures uptake 
was also dependent on pH p a r t i t io n in g ,  hence MAA was more e f fe c t iv e  in Hams 
F - 12 (pH 7.1) medium than in DMEM (pH 7 .6 ) .
MAA did not appear to be metabolised by the ra t  embryo in cu ltu re .
A fte r  a 48 h exposure, radio label derived from MAA was not incorporated into  
macromolecular fractions ( l i p id ,  RNA, DNA, or protein) of the developing 
conceptus. Also, HPLC analysis of the acid-soluble phase of embryonic 
t issue and media samples did not reveal methoxyacetylglycine or any other 
known MAA metabolite.
Using both cu lture  systems i t  was shown that MAA did not evoke i ts  
teratogenic response via an i n i t i a l  in h ib ito ry  e f fe c t  on e ith e r  DNA or 
protein synthesis, g lyco lys is , nor the incorporation of acetate or 
sulphate. In add ition , MAA did not in h ib it  yolk-sac pinocytosis.
The f i r s t  day of a 6  day micromass culture  was most sensitive  to MAA 
treatment. The protein content and c e l l  number of treated cultures were 
severely reduced by 24 h, indicating c e l l  death and/or c e l l  loss. Thus, 
biochemical measurements taken at 24 h or la te r  may r e f le c t  secondary, 
rather than i n i t i a l ,  in su lts .
Replating of MAA-treated micromass cultures (a f te r  a 24 h exposure),
to re -es tab lish  normal c e l l  density, did not restore the a b i l i t y  to form 
chondrogenic fo c i .  The in h ib it io n  o f d i f fe re n t ia t io n  was not, therefore  
f re e ly  revers ib le  nor the resu lt  of a decreased c e l l  density, but may be 
to se lective  c y to to x ic ity  against the sub-population of pre-chondrogenic 
c e l ls .
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ABBREVIATIONS AND SYNONYMS
ME 2-Methoxyethanol -  Ethylene glycol monomethyl ether (EGME)
EE 2-Ethoxyethanol -  Ethylene glycol monoethyl ether (EGEE)
n-PE 2-Propoxyethanol -  Ethylene glycol monopropyl ether (EGnPE)
i-PE 2-Isopropoxyethanol -  Ethylene glycol isopropyl ether (EGiPE)
BE 2-Butoxyethanol -  Ethylene glycol monobutyl ether (EGBE)
PGME Propylene glycol -  l-Methoxypropan-2-ol
monomethyl ether
MAA Methoxyacetic acid
EAA Ethoxyacetic acid
PAA n-Propoxyacetic acid
BAA n-Butoxyacetic acid
MPA 3-Methoxypropionic acid
MBA 4-Methoxybutyric acid
SARC Sarcosine
THIO Methylthioacetate
MA Methoxyacetamide
DABA 3,5  Diaminobenzoic acid dihydrochloride
DMEM Dulbecco's Modified Minimum Essential Medium
DM0 Dimethyloxazolidone-2,4-dione
EDTA Diaminoethanetetra-acetic acid, disodium s a l t
FCS Foetal c a l f  Serum
Hams F - 12 Hams Nutrient mixture F-12
Hanks BSS Hanks balanced salts  solution
IC5 0  In h ib ito ry  concentration (50%)
MEM Minimum Essential medium Eagle with Earles salts
PCA Perchloric acid
PVP Polyvinylpyrrolidone
TCA Trich loroacetic  acid
THR Teratogenic Hazard Ratio
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1.0 H istory of Teratology
Teratology is concerned with the investigation of b ir th  defects and is 
a f ie ld  of study with roots going back to ea r ly  p r im it ive  times. Abnormal 
births are events which have stimulated responses of awe, horror and 
c u r io s ity ,  and records of th e ir  occurrence have been transmitted in many 
forms. Legends, a r t i s t i c  renderings and w ritten  descriptions of malformed 
infants can be found in cultured arte fac ts  o f many c iv i l is a t io n s  and provide 
a h istory  of human perception of th is  event. I t  is believed tha t many 
mythologic figures originated with the b ir th  of severely malformed infants  
(Warkany, 1977).
Experimental tera to logy f i r s t  began in the la te  nineteenth century. A 
v a r ie ty  of environmental conditions (temperature, microbial tox ins, drugs) 
were found to perturb development in avian, r e p t i l e ,  f ish  and amphibian 
classes. Mammalian embryos were thought to be immune to induction of 
malformations, and to be e i th e r  k i l le d  outr ight or protected by the maternal 
system. The primary cause of malformations was considered to be due to 
genetic inheritance (Warkany, 1965). Maternal n u tr i t io n a l  defic ienc ies  ( i e .  
vitamin A and r ib o f la v in )  were f i r s t  reported to induce b ir th  defects in 
mammals in the 1930's and 1940's (reviewed by Warkany 1965). These were 
followed by other agents fo r  example, nitrogen mustard, trypan blue, 
hormones, antim etabolites, a lky la t in g  agents, hypoxia and X-rays (Warkany,
1965).
The f ie ld  of modern tera to logy has taken shape in the last 40 years 
with the occurrence o f human epidemics o f  malformations, and the development 
of animal models fo r  the production of b ir th  defects. The f i r s t  reported  
epidemic was that reported by Gregg in 1941 on rubella  virus in fec tion  in 
pregnant women. Rubella in fections have not influenced the overa ll  
incidence of malformations to a great extent but th e ir  impact on pregnancy 
outcome has been severe at times of epidemics. I t  has been estimated tha t
in the United States approximately 20,00u children nave become malformed 
owing to rubella  infections (Cooper and Krugman, 1966).
I t  was not u n t i l  1961, that the public became aware of the association  
of drugs with b ir th  defects through the re la tionsh ip  between thalidomide 
ingestion by pregnant women, and the b ir th  of severely malformed in fants .  
Because a syndrome of severe and rare limb defects was involved, the 
te ra to g en ic ity  of thalidomide was recognised r e la t iv e ly  quickly . In 1961 
Lenz in Germany (Lenz, 1963) and McBride in A ustra lia  (McBride, 1961) 
independently id e n t if ie d  thalidomide as the causative agent. The drug was
withdrawn from the market at the end of 1961 and by August of 1962 the
epidemic subsided. The thalidomide epidemic showed the public that  
terato logy was a very necessary science.
2.0 General princip les  of terato logy
In 1973, Wilson put forward a l i s t  of six princip les  of te ra to logy.
These are:
1) S u s c e p t ib il i ty  to teratogenesis depends on the genotype of the conceptus 
and the manner in which th is  in teracts  with environmental fac to rs .
2) S u scep t ib il i ty  to teratogenic agents varies with the developmental stage 
at the time of exposure.
3) Teratogenic agents act in specific  ways (mechanisms) on developing c e l ls  
and tissues to i n i t i a t e  abnormal embryogenesis (pathogenesis).
4) The f in a l  manifestations of abnormal development are death, 
malformation, growth re ta rd a tio n , and functional disorder.
5) The access of adverse environmental influences to developing tissues
depends on the nature o f the influences (agent).
6 ) Manifestations of deviant development increase in degree as dosage
increases from the no-effect to the t o t a l l y  le tha l le v e l .
3.0 Mechanisms of teratogenesis
By the term 'mechanism of teratogenesis' is meant the i n i t i a l  
biochemical insu lt  to the c e l l  leading to the pathogenesis, which gives r is e  
to the f in a l  defect (see Fig. 3 .0 ) .
3.1 Mutation
This is the basis o f a l l  h e r ita b le  developmental defects and consists 
e s s e n t ia l ly  of a change in the sequence of nucleotides in the DNA molecule. 
Changes in nucleotide sequence take varied forms (Auerbach, 1967) depending 
on the number o f nucleotides involved. The information which is normally 
encoded in the DNA, w i l l  be erroneously transcribed into RNA and u lt im a te ly  
into proteins. I t  is estimated that some 20-30% of human developmental 
errors can be a t tr ib u ted  so le ly  or p r im arily  to mutation in a p r io r  germ 
l in e .  I f  the e f fe c t  is in a germinal c e l l ,  the mutation is l ik e ly  to be 
hereditary; i f  i t  occurs in a somatic c e l l  i t  w i l l  be transmitted to a l l  
descendants of that c e l l  but i t  cannot be hered itary . Mutations are caused 
by ionising rad ia t io n , chemical mutagens such as nitrous acid, a lky la t in g  
agents, carcinogens, and other factors which might lead to chromosomal
breaks or cross-overs (Freese, 1971; Wilson, 1977).
3 .2 Chromosomal nondisjunction and breaks
These are associated causally with only a small portion (3%) o f human 
developmental defects. They give r ise  to v is ib le  excesses, defic ienc ies  or 
rearrangements of chromosomes, chromatids or parts , thereof. They are not
hereditary in the usual sense, although translocations of chromatid parts
may be transmitted to h a lf  of the o ffspring . Whole chromosomal aneuploidy 
orig inates during meiotic d iv is ion  in the maturation of germ c e lls  or during 
ordinary mitosis when newly divided chromosomes f a i l  to separate, resu lt in g  
in nondisjunction. Nondisjunction occurs with greater frequency in the germ 
ce lls  of aged parents (Robinson and Puck, 1967), and also a f te r  ageing of 
germ ce lls  in the gen ita l t ra c t  before f e r t i l i s a t i o n  (German, 1968). There
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is also evidence that nondisjunction may re s u lt  from v ir a l  infections  
(p a r t ic u la r ly  in Down’ s syndrome, Kucera, 1971), i r ra d ia t io n  (Uchida et a l .  
1968) and certa in  chemical agents (Shaw, 1970). Deficiency of whole 
chromosomes is poorly to le ra ted  and is usually le th a l to the c e l l .  Absence 
of one sex chromosome, however, in Turners syndrome, is to le ra ted  with 
l i t t l e  e f fe c t  on development.
3.3 M ito t ic  interference
Many cytotoxic agents (eg. hydroxyurea, cytosine arabinoside) are known 
to act by in h ib it in g  synthesis of DNA, thereby slowing or arresting  m itosis ,  
since the process cannot progress beyond the S-phase (R i t te r  et a h  1971; 
Scott et aH. 1971).
The m ito tic  spindle can be prevented from forming, or be dissolved  
a f te r  formation, by several chemical agents (eg. co lch icine, v inb las tine )  
which in te r fe re  with the polymerisation of tubulin  into the microtubules 
of the spindle (Boris and Taylor, 1967; Malowista, 1968). Without a 
spindle, chromosomes do not separate at anaphase.
F in a l ly  chromosomes may not be able to separate owing to an apparent 
's t ick iness ' or physical con tinu ity  known as bridges. These conditions 
occur a f te r  high doses o f rad iation  or radiomimetic chemicals (Hicks and 
D'Amato, 1966).
A ll  three of these processes have a common v is ib le  endpoint, namely 
m ito tic  interference.
3 .4  Altered nucleic acid in te g r i ty  or function
These are the mechanisms by which many a n t ib io t ic  and antineoplastic  
drugs are teratogenic. Biochemical changes that in te r fe re  with nucleic  
acid re p l ic a t io n ,  t ra n scr ip tio n , natural base incorporation, or RNA 
trans la tion  (and therefore protein synthesis) are included here. These 
agents cause fa u l ty  expression of the genetic information, though by 
diverse means:
1) In terference with the in te g r i ty  of DNA synthesis as with cytosine  
arabinoside (R i t te r  et a l . 1971) or hydroxyurea (Scott et . 1971).
2) In terference with RNA synthesis as with actinomycin D (Waring, 1968).
3) Incorporation of abnormal precursors, as with 5 - f lu o ro u ra c i1 (Wilson et 
a l .  1969).
4) In terference with RNA tra n s la tio n  during protein synthesis as possibly  
with streptomycin ( F i l ip p i ,  1967).
Agents in categories 1-3 have been demonstrated to be teratogenic in 
mammals. Those of category 4 ( in h ib ito rs  of protein synthesis), usually  
produce em bryolethality  at high doses and growth retardation  but l i t t l e  
malformation at lower doses. Presumably protein synthesis is so essential 
to a l l  embryonic ce l ls  that interference cannot be localised s u f f ic ie n t ly  to 
produce specif ic  malformation, but instead is generalised and usually causes 
death.
3.5 Lack of precursors and substrates needed fo r  biosynthesis
Generalised m alnutrition during pregnancy can lead to severe growth 
re tardation , thyroid defic iencies and delays in CNS maturation that are not 
revers ib le  with augmentation o f the food supply to the neonate (Shrader et  
a l . 1977). Deprivation of spec if ic  nutrients in the maternal d ie t  ie .  
vitamin A (Warkany and Roth, 1948), zinc (Hurley e t a H .  1971) and f o l i c  acid 
(Johnson and Chepenik, 1981) can lead to malformation, growth re tardation  
and em bryolethality.
Agents tha t reduce the transport of nutrients  from the maternal to  
embryonic compartment through specific  in terference with placental function  
can have an ind irec t embryotoxic e f fe c t .  Trypan blue is believed to be 
teratogenic through interference with n u tr it io n  of the embryo by the yo lk -  
sac placenta (Beck, 1981). This type of n u tr i t io n  involves pinocytosis of 
maternal macromolecules and hydrolytic breakdown by lysosomal enzymes in 
ce lls  of the yolk-sac placenta, followed by passage of soluble nutr ients  to
the embryo. Trypan blue in h ib its  the process of pinocytosis, and the 
lysosomal enzymes involved in the hydrolysis of macromolecules.
3.6 Altered energy sources
High levels of energy are required by p ro l i fe ra t in g ,  rap id ly  
synthesising tissues. In terruption  of energy production would most probably 
resu lt  in a teratogenic response. Evidence indicates that four pathways of 
energy supply (ATP generation) may be in te rfered  with by known teratogens 
(Krowke and Neubert, 1977; Bowman, 1967; Cox and Gunberg, 1972; Mackler, 
1969; N e tz lo f f  et 1968; Shepard et ajk 1970). Table 3.6 shows these 
pathways and some possible mechanisms of th e i r  in h ib ito ry  actions.
3.7 Enzyme inh ib ito rs
Enzymatic functions are ubiquitous in a l l  aspects of d i f fe re n t ia t io n  
and growth. Factors that adversely a f fe c t  developmental processes, 
therefore are l ik e ly  to in te r fe re  with the a c t iv i t ie s  of at least some of 
these enzymes. Examples o f agents acting by th is  mechanism are as follows: 
Folic  acid antagonists which in h ib it  d ihydrofolate reductase; hydroxyurea 
and 6 -aminonicotinamide, inh ib ito rs  of ribonucleoside diphosphate reductase 
and glucose-6 -phosphate dehydrogenase respective ly  (Johnson and Chepenik, 
1981; Runner, 1974 and J a ffe ,  1974).
3 .8 Osmolar imbalance
Based on the 'edema syndrome' (Grabowsfci, 1966) in chick embryos 
subjected to hypoxia, i t  is possible to fo llow  the successive events in the 
teratogenesis of the cha ra c te r is t ic  head, limb and rump malformations. 
Hypoosmolarity in certa in  extraembryonic compartments is followed by an 
inrush of f lu id  from these compartments into the embryo. This resu lts  in 
hypervolemia and increased blood pressure w ithin the embryo. Pathogenetic 
events follow  such as mechanical d is to rt io n  and ischemia in the tissues,  
e ffec tin g  the extrem ities the most, and surface structures of the head.
Other agents such as trypan blue, hypertonic solutions and adrenal c o r t ic a l
Table 3.6 Reduced energy (ATP) sources in the embryo
Affected pathways Causes associated with teratogenesis
1) Inadequate glucose sources D ietary  defic iency, induced hypoglycemia
2) In terference with glycolysis 6 -Aminonicotinamide, iodoacetate
3) Interference with the TCA 6 -Aminonicotinamide, r ib o f la v in  deficiency
cycle
4) Impairment of terminal Hypoxia, d in itrophenol, cyanide
electron transport system
From Wilson, (1977).
hormones are also thought to re s u lt  in osmolyte imbalances (Tanaka et a l .  
1968).
3.9 Altered membrane characteris t ics
Teratogenic doses of vitamin A, leading to hypervitaminosis A, have 
been reported to cause u ltra s tru c tu ra l  damage to c e l lu la r  membranes in 
rodent embryos (Morriss, 1973).
4 .0  Scope of the problem
Although ear ly  spontaneous abortions in women can go unreported, 
p a r t ic u la r ly  during the f i r s t  2 0  weeks of gestation, th e ir  frequency has 
been estimated to be 15 percent of a l l  recognised pregnancies (Warburton and 
Fraser, 1964). This f igu re  is generally  considered to be an underestimate 
insofar as most spontaneous abortions occur ear ly  in gestation, often before 
the pregnancy is recognised: Of 3 m il l ion  infants born a l iv e  each year, 1.3
percent (39,000) die w ith in  the f i r s t  year (NCHS, 1980). Approximately 2 to
3 percent of infants born a l iv e  have major congenital malformations 
recognised w ithin the f i r s t  year o f l i f e  (National Foundation, 1981). When 
defects that only become apparent la te r  in l i f e  are included, the frequency 
of major and minor malformations increases to about 16 percent (Chung and 
Myrianthopoulos, 1975). Approximately 7 percent of newborns are born 
prematurely (before the 37* * 1 week) and 7 percent o f infants born at f u l l  
term have low b ir th  weights (2 .5  Kg or less, Usdhew, 1972).
In very few cases has i t  been possible to separate the impact of a 
specific  chemical exposure on human reproduction from the background ra te  of 
spontaneous defects, or from other causes such as ra d ia t io n , in fe c tio n ,  
n u tr it io n a l  defic iencies and maternal diseases. Wilson (1973) has estimated 
that 23~25 percent of b ir th  defects have an id e n t i f ia b le  genetic component, 
and 7  to 11  percent have an id e n t i f ia b le  external fa c to r ,  such as ra d ia t io n ,  
drugs, environmental chemicals, infections and maternal metabolic
imbalances. For 55 to 70 percent of b ir th  defects, there is no known cause. 
Correlation between exposure to a specif ic  chemical agent and adverse 
pregnancy outcome is also complicated by the m u l t ip l ic i ty  of chemical agents 
in the environment. The Chemical Abstracts Service of the American Chemical 
Society l is ted  4,039,906 indiv idual chemical e n t i t ie s  as of November 1977, 
with an average growth ra te  of 6,000 new entries  per week (Maugh, 1978). In 
the NI0SH Registry o f Toxic Substances (NI0SH, 1977), there were 37,860 
entries  of agents in common industr ia l  use, of which 585 had notations of 
teratogenic a c t iv i t y .  The Glycol Ethers are a class of chemical solvents 
used widely in industry, of which there is now growing public concern 
regarding th e ir  reproductive t o x ic i t y .
5.0 Glycol Ethers
5.1 Introduction
Glycol ethers are widely d is tr ibu ted  chemicals, p a r t ic u la r ly  useful as 
solvents because of th e ir  mi sc i b i 1 i t y  with both water and many organic 
l iqu ids . Some of the trade names under which glycol ethers are marketed are 
Cellosolve, Dowanol, Poly-Solv, Oxitol and Jaysolve. Annual world wide 
production of these solvents exceeds one mi 11 ion.tons. They are common 
components of numerous consumer and industr ia l  products including resins,  
inks, dyes, rust removers, detergents, lacquers, paints, varnishes, s ta ins ,  
degreasing and dry-cleaning compositions, cosmetics, de-icers  and l iq u id  
soaps. They are also used widely as chemical intermediates.
5.2 Chemical structure
Glycols have the general formula H0-(CH2 ) n+1 -0H (n > 1 ) ,  with ethylene  
glyco l, H0 -CH2 ~CH2 ~0 H, as the simplest example (F ig . 5 .2 ) .  I f  one of the 
alcohol residues is replaced by an e ther, the resu lt ing  compound is a 
monoalkyl glycol ether such as ethylene glycol monomethyl ether ( 2 -methoxy­
ethanol, CH3 -O-CH2 -CH2 -OH, F ig . 5 .2 ) .  I t  is th is  class of glycol ethers
Fig. 5.2 Structure and abbreviations o f glycol ethers
Glycol ether Structure Abbreviation
Ethylene glycol ho-ch2 -ch2-oh
Ethylene g lyco l-  
monomethyl ether
ho-ch2 -ch2 -o-ch3
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isopropyl ether
CHo
/
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2-Butoxyethanol
Ethylene g lyco l-  
monomethyl ether-  
acetate
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monoethyl e ther-  
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OH 
. I
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EG
EGME (ME) 
EGEE (EE)
EGiPE (i-PE )
EGnPE (n-PE)
3  EGBE (BE)
EGME Ac 
EGEE Ac
PGME
with which th is  study is most concerned. The terminal alkoxy group may 
include any short s tra ig h t or branched chain moiety such as a methyl group, 
an e th y l ,  n-propyl, isopropyl or butyl group. Acetates of monoalkyl glycol 
ethers such as EGME acetate (Ch^-COO-C^-C^-O-C^) are also common solvents 
(F ig . 5 .2 ) .
5.3 Metabolism of the glycol ethers
Metabolism of the glycol ethers varies with chemical s tructure . The 
primary alcohols tend to be oxidised to the aldehyde followed by fu r th e r  
oxidation to the corresponding carboxylic acid. The acid metabolites 
methoxyacetic acid, ethoxyacetic acid, 2 -isopropoxyacetic acid and n-butoxy- 
acetic acid have been found in the urine e i th e r  as glycine conjugates or 
unchanged, a f te r  exposure to th e ir  respective parent alcohol (Carpenter et  
a l . 1956; Hutson and Pickering, 1971; Jonsson and Steen, 1978; Cheever et 
a l . 1984). The oxidation reactions presumably occur via alcohol and 
aldehyde dehydrogenases and 2-methoxyethanol (EGME) has been shown to be a 
substrate fo r  alcohol dehydrogenase in v i t r o  (Tsai, 1968; B la ir  and Va llee ,
1966). The acetate derivatives of glycol ethers appear to be ra p id ly  
hydrolysed to the monoalkyl ether by serum esterases (M i l le r  et j f L  1984a; 
Hoffman and Jackh, 1985). l-Methoxypropan-2-ol (PGME) on the other hand is 
a secondary alcohol, and u n lik e ly  to be a good substrate fo r  alcohol 
dehydrogenase. I ts  major route of metabolism is cleavage at the ether 
linkage apparently by microsomal O-demethylation followed b y .fu r th e r  
metabolism and excretion as C02  in a i r  (M i l le r  e t  jah 1983, 1984a, 1984b), 
(F ig . 5 .3 ) .  PGME however does contain a by-product (5%) which is the beta 
isomer ( 2 -methoxy-l-propanol), a primary alcohol, and th is  is metabolised 
prim a ri ly  to 2-methoxypropionic acid (M i l le r  et a l .  1986).
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5.4 Tox ic ity  of the glycol ethers
5 .4 .1  Human data
5 .4 .1 .1  Haematological e ffec ts
Since the f i r s t  description by Donley (1936) of haematological changes, 
in addition to neurological defects, in a 45 year-o ld  woman who had been 
exposed to a solvent mixture of 3% 2-methoxyethanol and 74% isopropanol, 
several reports have implicated the industr ia l  use of 2 -methoxyethanol as a 
cause of anaemia, both with and without concomitant decreases in white blood 
ce lls  (Parsons and Parsons, 1938; Greenberg et a/L 1938; Zavon, 1963; Ohi 
and Wegman, 1978). According to Greenberg e t a l .  (1938) the haematological 
abnormalities in 19 subjects who used a solution of 33% 2-methoxyethanol in 
denatured ethanol as an industr ia l  solvent, were due to the adverse e ffe c ts  
of the glycol ether on the bone marrow, rather than the blood i t s e l f .
Later, Zavon (1963), reported that the bone marrow of one of 5 workers 
exposed to 2 -methoxyethanol, a l l  o f whom had subnormal erythrocyte counts 
and haemoglobin leve ls , was hypoplastic and contained a reduced number of 
erythroid  elements. Hypoplasia of the bone marrow also was described by Ohi 
and Wegman (1978) in two cases of poisoning, which were believed to have 
resulted from skin contamination with 2-methoxyethanol. Also in one patient  
haemoglobinuria was observed suggesting a hemolytic process.
The results  of a l l  these studies, however, are d i f f i c u l t  to in te rp re t ,  
since the number of cases was small, exposure usually was to a mixture of 
several solvents and adequate data on control subjects were not included. 
These crit ic ism s also apply to the more recent observations by Cullen et  
a l . (1983), on the induction o f ap lastic  anaemia and bone marrow defects, in 
industr ia l  workers exposed to 2 -methoxyethanol.
5 .4 .1 .2  Reproductive e ffec ts
A study of women engaged in enamel wire production reports hormonal 
disturbances and an increase in the incidence of b ir th  defects (Syrovadko
and Malysheva, 1977). The women were exposed to three solvents in addition  
to 2-ethoxyethanol but none of these is a known teratogen. The number of 
cases studied and the c l in ic a l  reports were in s u ff ic ie n t  to allow any firm  
conclusions.
There have been no reports of an association between exposure to glycol 
ethers and adverse e ffec ts  on human te s t is .  A recent epidemiological study 
of 2 -methoxyethanol process employees, fa i le d  to show any e f fe c t  on 
haematological, sperm and f e r t i l i t y  indices (Cook et 1982). A possible 
diminution in te s t ic u la r  size was however suggested, but th is  may have been 
due to errors in measurement and is not consistent with the semen analysis.
5 .4 .2  Other to x ic i t ie s  of the glycol ethers
Exposure to 2-methoxyethanol has been reported to cause in te l le c tu a l ,  
psychological and neurological disorders in man, c o l le c t iv e ly  described as 
"toxic encephalopathia" (Donley, 1936; Geenburg, 1938; Parsons et a2. 1938, 
Zavon, 1962; Ohi and Wegman, 1978). These e ffec ts  slowly disappear when 
exposure ceases.
The secondary conditioned-avoidance response has been demonstrated in 
rats  following exposure to 2-methoxyethanol (Goldberg et a_T. 1562). 2-
Ethoxyethanol, 2-butoxyethanol and l-methoxypropan-2-ol in contrast to 2- 
methoxyethanol do not cause a specif ic  in h ib it io n  of the avoidance-escape 
reactions (Goldberg et V I .  1964). The CNS e ffec ts  of 2-methoxyethanol may 
therefore be d i f fe re n t  from those of other glycol ethers.
2-Methoxyethanol, 2-ethoxyethanol, and 2-butoxyethanol have been tested  
fo r mutagenic a c t iv i t y  in a v a r ie ty  of te s ts .  In a l l  cases the resu lts  were 
negative, and these compounds are not considered to be s ig n if ic a n t  genotoxic 
hazards (Kwalek and Andrews, 1980; McGregor, 1984).
5 .4 .3  Experimental animal studies
5 .4 .3 .1  Haematological e ffec ts
Haematological changes s im ila r  to those observed in humans have been 
found in cats exposed to 2-methoxyethanol vapour (350 ppm) fo r  several hours 
a day fo r  6  days (F lu rry  and W irth, 1933), and also in rats  exposed to 300 
and 400 ppm of 2-methoxyethanol, 2-ethoxyethanol, 2-propoxyethanol, 2- 
isopropoxyethanol or 2-butoxyethanol, 7 h/day, 5 days/week fo r  5 weeks 
(Werner et a l .  1943). In the la t te r  study a reduction in erythrocytes and 
haemoglobin concentration and a compensatory e levation in re t icu locytes  was 
found with the n-propyl, isopropyl and butyl ethers a f te r  one week of 
treatment followed by a return to normal. These changes, which suggest a 
haemolytic process, were absent in animals exposed to equimolar 
concentrations of the methyl and ethyl ethers. This haemolytic e f fe c t  was 
supported by the observation tha t the active compounds produced 
haemoglobinurea in mice (Werner et aj .^ 1943), and 2-butoxyethanol produced 
hemolysis and increased osmotic f r a g i l i t y  in rats  (Carpenter et 1956).
In a more recent study with ra ts  the haemolytic nature of 2-butoxy­
ethanol, which contrasts with the tox ic  e ffec ts  of 2 -methoxyethanol on the 
bone marrow, has been confirmed (Grant et a l .  1985). The major s i te  of 
t o x ic i t y  of the la t te r  in the marrow appears to be the endothelial c e l ls  
l in ing  the sinuses, many of which show evidence of damage. The loss of 
resident populations of nucleated c e l ls  also agrees with previous reports of  
marrow h yp oce llu la r ity  a f te r  treatment with 2-methoxyethanol ( M i l l e r ,  1981).
These studies indicate that the glycol ethers are able to produce 
haemolytic anaemia and/or depression o f  bone marrow function. The 
haemolytic e ffec ts  increase with the size of the a lky l moiety, being minimal 
with methyl and e th y l ,  and greater with the propyl and butyl e ther. In 
contrast depression of the bone marrow appears to be most marked with the 
methyl and ethyl ethers and less marked or absent with higher homologues.
5 .4 .3 .2  Testicu lar to x ic i ty
The a b i l i t y  of ethylene glycol monoalkyl ethers to produce te s t ic u la r  
damage in experimental animals has been known fo r  some time. Wiley et a l .  
(1938), f i r s t  demonstrated the te s t ic u la r  e ffec ts  of 2-methoxyethanol.
Acute or chronic exposure of male mice, rats  and rabbits to certa in  
glycol ethers by inhala tion , dermal or oral routes has been shown to induce 
te s t ic u la r  to x ic i t y  (M i l le r  et a l . 1981, 1983; Rao et cH. 1983; Foster et 
a l . 1983, 1984; Chapin and Lamb, 1984; Doe et 1983; Hardin et a [ .  1984; 
Samuels et a l .  1984; Gray et . 1985).
Testicu lar atrophy, manifest as reduced te s t is  size and weight, is due 
to degeneration of germinal epithelium. H isto logical studies have shown 
that glycol ethers p r im a ri ly  e f fe c t  meiotic spermatocytes, with those 
undergoing d iv is ion  or in ea r ly  pachytene being most sensitive  (Chapin and 
Lamb, 1984; Creasy and Foster, 1984; Foster et a l .  1984).
Generally spermatogonia, pre-lepotene spermatocytes, leydig and s e r to l i  
ce lls  are not a ffec ted , although high dose-effects on spermatogonia and la te  
spermatids have been reported (Chapin et a l . 1985).
F e r t i l i t y  of male rats  is usually not a ffected u n t i l  about four weeks 
a f te r  in i t ia t io n  of glycol ether treatment. This corresponds to the time 
required fo r  germ c e lls  to mature from spermatocytes to ejaculated sperm. 
Reductions in sperm counts, impaired m o t i l i t y ,  and increased numbers of  
abnormal forms have also been observed at th is  time (Chapin et a l . 1985). 
With long-term glycol ether exposure male rats  remain i n f e r t i l e .  Even in 
these animals, however, te s t ic u la r  damage appears to be re v e rs ib le ,  which is 
compatible with the reports of only minor damage to spermatogonia (Rao et  
a l . 1983). Recovery can be complete a f te r  one cycle of spermatogenesis (7 
to 8  weeks in the r a t )  but high dose, long-term exposure may require longer 
periods.
The te s t ic u la r  to x ic i t y  of the glycol ethers varies with chemical
structure . 2-Methoxyethanol is the most e f fe c t iv e  compound, 2-ethoxyethanol 
being s im ila r  in action but less potent. Ethylene glycol monoethers with 
longer a lky l chains (n-propyl, iso-propyl, or buty l)  are inactive  or very 
much less active  (Dodd et auk 1983; Katz et cH. 1984; Samuels et a l . 1984).
5 .4 .3 .3  Teratogenic ity
The e a r l ie s t  evidence of reproductive to x ic i t y  of the glycol ethers was 
observed when ske le ta l defects were reported in offspring of rats  following  
1 0 0  p l/kg /day o r a l ly  of 2 -ethoxyethanol throughout gestation, though no 
defects were noted in mice or rabbits (Stenger ^ t  sH• 1971).
Recently however, there have been reports of teratogenic e ffec ts  
produced by the glycol ethers a f te r  administration using the common routes 
of occupational exposure. Several groups have studied the te ra to g e n ic ity  of  
2 -methoxyethanol and 2 -ethoxyethanol by inhalation in a va r ie ty  of species.
Doe et £ l . (1983) observed 2-methoxyethanol to be foeto toxic  in rats  
when exposed fo r  6  h/day (day 6-17 o f gestation) at 300 ppm or 100 ppm. At 
the high dose no l i t t e r s  were delivered and at the lower dose only 9/20 ra ts  
l i t t e r e d .  The number and v i a b i l i t y  of pups was reduced, but they appeared 
ex te rn a lly  normal. Hanley £ t  a l . (1984a) however, saw s ig n if ic a n t  increases 
in minor ske leta l varia tions in rats exposed to 2-methoxyethanol at 50 ppm,
6  h/day (days 6-15 ges ta tion ).  S im ilar e ffec ts  were seen in mice, but in 
rabbits i t  was teratogenic at th is  dose. In a l l  species, no e f fe c ts  were 
observed at 1 0  ppm.
In a s im ila r  study by Doe (1984), ra ts  and rabbits were exposed to 
2-ethoxyethanol 6  h/day, days 6-15 and 6-18 of gestation respective ly ; a 
teratogenic marginal e f fe c t  level was set at 175 ppm for rabb its , and at 250 
ppm (possibly 50 ppm) 2-ethoxyethanol produced minor v iscera l and ske le ta l  
defects in rats  (eg. d i la t io n  of the kidney pelvis and decreased 
o s s if ic a t io n ) .  When exposed fo r  the f u l l  term of pregnancy (days 1-19 in 
rats and 1-18 ra b b its ) ,  2 -ethoxyethanol was teratogenic at 2 0 2  ppm in ra ts
and at 160 ppm in rabbits  (Andrew and Hardin, 1984). Pre-gestational  
exposure of ra ts  to 2 -ethoxyethanol in the la t te r  study, however, had no 
e f fe c t  on the mating success.
Hardin et a l .  (1982, 1984) applied undiluted 2-ethoxyethanol to the skin 
of pregnant rats  to investigate i ts  potentia l fo r  developmental t o x ic i t y  by 
th is  route of exposure. When 0.5 ml was applied four times d a i ly  on days 7-16 
of gestation, a l l  l i t t e r s  were completely resorbed. Treatment with 0.25 ml 
( 2 . 6  mmol) on the same schedule induced s ig n if ican t  incidence of resorbed 
l i t t e r s ,  dead implants and reduced fe ta l  body weights. The malformations 
observed included cardiovascular defects, ske leta l varian ts , vertebra l  
malformations and reduced ske leta l o s s if ic a t io n .
2-Methoxyethanol is also teratogenic in ra ts  and mice when given as a 
single dose, e ith e r  i . p .  (Campbell et e K  1984; R i t te r  et a h  1985), or 
o r a l ly  (Horton et a l .  1985a; R i t te r  et a l .  1985).
The malformations produced by these compounds are s im ila r  in a l l  
species and by a l l  routes of adm inistration. The major v iscera l defects are 
re la ted  to the cardiovascular system eg. ventral wall defects and 
constriction  of the ao rt ic  arch. Spleen hypoplasia and renal defects have 
also been observed. Various ske le ta l defects are quite common eg. 
shortened, fused or forked r ib s  and other minor ske leta l varia t ions  
associated with s l ig h t  fo e to x ic i ty .  The major ske le ta l malformations 
observed however are limb defects eg. missing n a i ls ,  missing d ig i ts ,  stunted 
d ig its  and fused d ig i ts ,  also shortening or bowing of the long bones. An 
increased gestation period has also been observed in ra ts ,  and prenatal 
administration of e ith e r  2 -methoxyethanol or 2 -ethoxyethanol has also 
produced behavioural abnormalities in the offspring (Nelson e t -'aj_. 1982,
1984a).
Horton et a l .  (1985a) have observed developmental phase-specific  
e ffec ts  of 2-methoxyethanol in CD-I mice. The observed malformations were
s p e c if ic a l ly  re la ted  to the developmental stage at the time of exposure. 
Exencephaly resulted a f te r  2-methoxyethanol exposure between gestation day 
7-10, whereas paw anomalies predominated during la te r  stages of development. 
Paw anomalies were maximal a f te r  administration on gestation day 11 and 
forepaws were more susceptible than hindpaws. A single oral dose of 175 
mg/kg induced d ig i t  anomalies on gestation day 1 1 .
2-Methoxyethanol and 2-ethoxyethanol are teratogenic in a v a r ie ty  of 
species a f te r  administration v ia  d i f fe re n t  routes. A spectra of defects is 
observed in a l l  species, although quite  a high dose may be required to  
achieve d ig i t  abnormalities. For example, in mice a single oral dose of 2.3  
mmol/kg 2 -methoxyethanol and in rats a single dose, e ith e r  o r a l ly  or i .p .  of
2 . 1  mmol/kg 2 -methoxyethanol is required (Horton £ t  £2* 1985a; R i t te r  et a l .  
1985).
2-Methoxyethanol and 2-ethoxyethanol are not thought to be p a r t ic u la r ly  
toxic  to the mother. A fte r  exposure o f  rats to 2-ethoxyethanol (250 ppm), 
Doe (1984), observed s l ig h t  haematological changes, and at 767 ppm, Andrew 
and Hardin (1984) reported a decrease in maternal body weight gain during 
gestation. S im ila r ly  Hanley et a l*  (1984a) reported s l ig h t  decreases in 
maternal body weight gain a f te r  exposure of ra ts ,  rabbits and mice to 2 - 
methoxyethanol (50 ppm). Body weight changes, however, could r e f le c t  the 
reproductive status of the dam.
The te ra to g en ic ity  observed with 2-methoxyethanol and 2-ethoxyethanol 
is not however, common to a l l  glycol ethers. The monopropyl and monobutyl 
ethers, 2 -propoxyethanol and 2 -butoxyethanol, which have longer carbon 
chains in the alkoxy group ( ie .  3 and 4 respective ly ) are in e f fe c t iv e  as 
teratogens (Hardin e t a / L  1984; Nelson et 1984b; Tyl et £2* 1984; 
Krasavage and Katz, 1985). Although 2-butoxyethylacetate has not been 
studied, i t  is l ik e ly  to be inactive , since the acetate derivatives  o f 2 -  
methoxyethanol, 2 -ethoxyethanol and 2 -propoxyethanol have s im ila r  a c t iv i t i e s
to the parent glycol ethers (Doe, 1984; Hardin et 1984; Krasavage and 
Katz, 1984).
Propylene glycol monomethyl ether ( PGME) is mainly the secondary 
alcohol (l-methoxypropan-2-ol, CH3 -O-CH2 CH(CH3 )0H) although preparations 
normally contain a small percentage of the primary alcohol, 2 -methoxy-l-  
propanol (CH3 - 0 -CH(CH3 )CH2 - 0 H) (a by-product in the synthesis of the 
former). When administered to ra ts ,  rabbits  and mice by inha la tion , 1- 
methoxy-2-propanol is not teratogenic (Hanley et a h  1984b). 2-Methoxy-l-  
propylacetate, which is rap id ly  hydrolysed to the parent compound by ra t  
plasma (Hoffman and Jackh, 1985), and whose toxico log ical properties are 
regarded as identica l to the parent compound (M i l le r  et cH. 1984a), is 
s l ig h t ly  teratogenic in rabb its , but is in e f fe c t iv e  in ra ts  (Merkle et a l .  
1987). This d ifference in teratogenic potentia l observed between the two 
isomers probably is due to differences in metabolism. The secondary alcohol 
is predominantly conjugated and excreted (M i l le r  et jsH* 1984a), whereas the 
primary alcohol is oxidised to 2-methoxypropionic acid (M i l le r  et 1986).
To summarise, some to the glycol ethers are teratogenic in ra ts ,  
rabbits and mice, and by a va r ie ty  o f routes of adm inistration. The defects 
observed may vary depending on the species used and the dose or length of 
exposure to the glycol e ther. The chemical structure is also important in 
determining the teratogenic a c t iv i t y  as is the subsequent metabolism ie .  
whether i t  is conjugated and excreted or oxidised to the corresponding 
alkoxy acid. Though the doses required to induce defects may seem quite  
high ie .  2 .3 mmol/kg i .p .  in the mouse (Horton et £]_• 1985a) and 2.1 mmol/kg 
i .p .  or o r a l ly  in the ra t  (R i t te r  et a l • 1985) they are also teratogenic by 
occupational exposure routes ie .  inhalation  and cutaneous absorption. The 
apparent lack of maternal to x ic i ty  by these compounds suggests tha t they  
could be teratogenic hazards.
6.0 Regulatory guidelines
Glycol ether exposure l im its  in the work place environment were at one 
time based on h is to r ic a l  case reports reviewed e a r l ie r .  Changes have been 
made, or proposed, based on recent experimental data. Information compiled 
from long term animal inhalation  studies suggest no-effect levels fo r  
2-methoxyethanol of 30 ppm fo r  the te s t is  and 10 ppm for the conceptus, and 
fo r 2-ethoxyethanol of 100 ppm and 10-50 ppm respective ly . Current exposure 
l im its  vary from 5-25 ppm 2-methoxyethanol and 5-200 ppm 2-ethoxyethanol. 
Actual workplace concentrations are generally  below 5 ppm (Clapp et a l .
1984) although levels in excess of 50 ppm have been measured as peak values 
or in unventilated areas (Hamlin e t a2* 1982; EPA, 1984). Glycol ether 
doses from consumer products are unknown, but one regulatory au thority  
considers that exposure levels of concern may be generated (EPA, 1984).
Case reports of human exposure to 2-methoxyethanol or 2-ethoxyethanol 
describe bone marrow to x ic i t y  and CNS disturbance. These same tox ic  e ffec ts  
have been consistently  observed in experimental species. The s im i la r i t ie s  
in bone marrow and CNS responses suggest that 2-methoxyethanol and 2- 
ethoxyethanol may also be potentia l human teratogens and te s t ic u la r  toxins;  
although no such e ffec ts  in humans have yet been established. I t  also 
appears that peak exposure levels in glycol ether associated workplaces can 
exceed the no-effect estimates fo r  te ra to g e n ic ity  and te s t ic u la r  t o x ic i t y .  
These industr ia l  solvents do, therefore , pose a po ten tia l r is k  to the human 
population, and i t  is imperative tha t studies are conducted to t r y  and 
establish the mode of action by which they exert th e ir  t o x ic i t ie s .
7.0 Recent studies on the te ra to g en ic ity  o f 2-methoxyethanol
Previous studies in th is  laboratory have shown that the embryotoxic
actions of 2 -methoxyethanol observed in the r a t ,  are very s im ila r  to those 
produced by methoxyacetic acid (Campbell et a l .  1984). Further studies have
confirmed that the te ra to g e n ic ity  in mice and rats  depends on oxidation of 
2-methoxyethanol to MAA, and the l a t t e r  is now thought of as the proximal 
teratogen (Brown et a l .  1984, R i t te r  et aK  1985; Scott and Nau, 1985; Sleet  
et ^2* 1985). In ra t  whole embryo culture 2-methoxyethanol is inactive  
(Yonemoto et a l .  1984). In vivo 2-methoxyethanol is oxidised by alcohol 
dehydrogenase and aldehyde dehydrogenase in the l iv e r  to MAA ( M i l le r  et a l .  
1983; Moss e^ t £2* 1985). The organogenesis stage ra t  foetus in v i t r o , lacks 
alcohol and aldehyde dehydrogenases (Brown, unpublished) which would explain  
the apparent lack o f  a c t iv i t y  of th is  compound in v i t r o , ie .  the conversion 
of 2-methoxyethanol to MAA in vivo must occur in the maternal compartment.
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1.0 Introduction
The time when a teratogenic agent is most l ik e ly  to cause malformations 
is during the period of organogenesis. At e a r l ie r  stages of development a 
damaged embryo usually e i th e r  dies or can regulate i ts  growth to compensate 
for in ju ry .  In the la te  foetus, a f te r  the main organ systems have been 
formed, aberrations of development are l ik e ly  to lead to r e la t iv e ly  minor 
defects.
I t  is therefore of obvious value to developmental tox ico log is ts  to 
study the embryo during organogenesis, tha t is the most sensitive  stage of 
development. Techniques fo r  cu lturing  post-implantation embryos of a number 
of mammalian species have been developed (New, 1978), but the most 
successful methods u t i l i s e  ra t  and mouse embryos, as discussed by Freeman et  
aK  (1987).
The v i a b i l i t y  of ea r ly  organogenesis stage ra t  embryos varies with the 
age of the embryo at explantation and period of cu ltu re . Rat egg cylinders  
explanted at 7 .5 -8 .5  days of gestation develop into embryos with 30-40 
somites; 50-80% of these embryos develop a functioning blood c irc u la t io n  and 
the ra te  of organ d i f fe re n t ia t io n  is s im ila r  to that in vivo (Buckley et a l .  
1978). When embryos are explanted a t headfold stage (9 .5  days in the r a t ) ,  
over 90% develop a blood c irc u la t io n  and the average rates of protein  
synthesis and d i f fe re n t ia t io n  over 48 h of cu lture  are the same as those in 
vivo (New et £]_. 1976). However, i f  the cu lture period of 9.5 day 
conceptuses is extended beyond 48 h, growth of the embryos is s ig n i f ic a n t ly  
less than those tha t have developed in vivo (Freeman £ t  a l . 1987).
During the cu ltu re , d i f fe re n t ia t io n  of various organ primordia occurs, 
and these serve as markers fo r  determining the success of cu ltu re ,  and/or a 
basis fo r  assessing a teratogenic or tox ic  e f fe c t .  A scoring system was 
devised by Brown and Fabro (1981) to assess embryonic development in 
culture , which was la te r  modified by Klug et a l .  (1985). Embryonic growth
is also assessed by a v a r ie ty  of morphological and biochemical measurements.
Whole embryo culture is p a r t ic u la r ly  useful fo r studying the mechanism 
of te ra to g en ic ity  at the biochemical le v e l .  The embryo grows and develops 
in iso la tion  from i ts  mother, thus sim plify ing and extending the range of 
possible studies. The culture system is also useful fo r id en tify in g  the 
ultim ate teratogenic agent. Maternal metabolism can convert an in e rt  
substance into a potent teratogen. For example, cyclophosphamide is a 
potent teratogen in rats  in vivo but in whole embryo culture is in e ffe c t iv e  
(Shepard et 1983). Embryos cultured in serum from ra ts  treated  with  
cyclophosphamide, do develop abnormally. Also, the inclusion of S9 and 
cofactors in cultures with cyclophosphamide results  in the production of 
abnormal embryos. The proximal teratogen of cyclophosphamide is a c tu a lly  
phosphoramide mustard and was found by i ts  d irec t  addition to the culture  
medium.
Cytochalasin D however, is not teratogenic in vivo in ra ts ,  but in 
culture neural tube defects occur. This a c t iv i t y  is abolished by the 
inclusion of S9 and cofactors in cu ltures. These studies (Fantel et a l .  
1981) indicate that cytochalasin D is detox ified  by the mother. Maternal 
metabolism is also responsible fo r  the conversion of 2 -methoxyethanol to  
methoxyacetic acid (the proximal teratogen in r a t s ) .  In whole embryo 
cu ltu re , 2-methoxyethanol unlike MAA, is in e f fe c t iv e  (Yonemoto et 1984).
With the use of rad io labelled  teratogens the uptake, tissue  
d is tr ib u t io n  and subcellu lar lo ca lisa tio n  of the teratogen in the embryo can 
be measured. The loca lisa tion  of a teratogen w ithin the embryo or i ts  
associated membranes can provide clues to i ts  mechanism of action . The 
teratogens trypan blue and an ti-yo lk  sac antibody loca lise  in the v iscera l  
yolk-sac endoderm, which lea to  the hypothesis tha t induced yolk-sac  
dysfunction was the primary mechanism of teratogenic action (Lloyd et a l .
1985). Embryo culture experiments demonstrated that pinocytotic  uptake and
intralysosomal digestion of exogenous protein by the yolk-sac provided a 
source of amino acids fo r  embryonic growth and development (Freeman et a l .  
1981). In h ib it io n  of uptake and/or digestion processes has been implicated  
in the teratogenesis caused by these agents (Lloyd et 1985). However, 
the presence of a teratogen in a certa in  tissue need not always imply that  
th is  is i ts  s i te  of action.
The whole embryo culture system has also been used to study metabolism 
in post-implantation embryos. Culture experiments (Tanimura and Shepard, 
1970; Clough and Whittingham, 1983) have shown that at 10.5 days the energy 
yie ld ing  metabolism o f  the ra t  embryo is characterised by high rates of 
glycolysis with r e la t iv e ly  l i t t l e  a c t iv i t y  of the TCA cycle and electron  
transport chain. During subsequent days the ra te  of g lycolysis f a l l s ,  
w hilst the a c t iv i t ie s  o f the TCA cycle, electron transport chain and the 
mitochondrial ATPase increases (Mackler, 1971). Disruption of g lycolysis  
can lead to so-called "fuel-mediated" teratogenesis (Frienkel et a l .  1984). 
In the la t t e r  study, replacement o f glucose with mannose in the cu lture  
medium, induced severe growth retardation  and dysmorphogenesis of embryos. 
These e ffec ts  are remedied by adding glucose or increasing the p0£ of the 
medium to promote oxidative metabolism (Frienkel et a l .  1984).
Studies of the metabolism or biochemical modification of a compound by 
the embryo i t s e l f ,  are also g rea t ly  f a c i l i t a te d  by the use of whole embryo 
culture . 3-Methylcholanthrene increased the incidence of abnormalities  
produced by 2 -acetylaminofluorene in cultured ra t  embryos, ind icating  
metabolism of the la t t e r  via cytochrome P-450 to a te ra to g e n ic a l ly  active  
form (Faustman-Watts et <n. 1984). S im ila r ly ,  the teratogenic a c t iv i t y  of  
benzopyrene is thought to be due to the active  intermediates generated by 
cytochrome P-450 mediated ary l hydrocarbon hydroxylase, and not due to  the 
polycyclic hydrocarbon i t s e l f  (Galloway et a l .  1980).
Although there is l i t t l e  data ava ilab le  comparing in vivo with in v i t r o
biochemical development, some d irec t  comparisons have been made. A 
histochemical study of yolk-sac enzymes showed that cultured embryos 
possessed levels of a c t iv i t y  very s im ilar  to age-matched embryos that had 
developed in vivo (Miki and Kugler, 1984). In contrast, levels of orn ith ine  
decarboxylase a c t iv i t y  in cultured embryos were s ig n i f ic a n t ly  lower than 
those measured in age-equivalent in vivo embryos (Huber and Brown, 1982). 
However, the close s im i la r i ty  in the in vivo and in v i t ro  embryonic response 
to excess vitamin A (Steele et a h  1983) and hydroxyurea (Warner et a l .
1983) indicates that the a ffected  biochemical functions of the embryo are 
preserved in cu ltu re . S im ila r ly ,  Brown et sH. (1984), have shown that  
treatment of conceptuses in vivo with MAA on day 10 of gestation, followed 
by examination on day 1 2  gave compatible resu lts  to those of a previous 
study (Yonemoto et jH .  1984), in which MAA actions on the development of the
sbojge
organogenesis^rat conceptus in whole embryo culture were observed. Both 
investigations showed i r r e g u la r i t ie s  o f the neural suture l in e ,  of somites
and of cephalocaudal f lex ion  induced by MAA treatment. These s im i la r i t ie s
support the v a l id i t y  of the embryo culture model fo r  studies of the 
mechanism of MAA induced te ra to g en ic ity .
The aims of th is  study were:
1) To study the e ffec ts  of a series of MAA re la ted  compounds in order to
generate s t ru c tu re -a c t iv i ty  re la tionsh ips .
2) To t r y  and id e n t ify  the i n i t i a l  s i te  of biochemical in su lt  induced by 
MAA treatment to the conceptus.
3) To study the uptake, d is tr ib u t io n  and metabolism of MAA in the 
conceptus.
2.0 M ateria ls  and Methods
2.1 M ateria ls
2 .1 .1  Chemicals
Chemicals are l is te d  under the manufacturer.
B r it ish  Drug Houses, Poole, Dorset, England
2-Ethoxyacetic acid
Folin and C io c a lte u s  Phenol Reagent
Standard inorganic laboratory reagents (an a ly t ic  reagent grade)
Fisons S c ie n t i f ic  Apparatus, Loughborough, Leicestersh ire , England 
Trich loroacetic  acid (an a ly t ica l  reagent grade)
Perchloric acid (a n a ly t ic a l  reagent grade)
Sigma (London) Chemical Co. L td . , Fancy Road, Poole Dorset, England
Deoxyribonucleic acid , sodium s a l t ,  from c a l f  thymus (less than 3% protein)
Sarcosine
Cycloheximide
Iodoacetate
Hydroxyurea
Albumin bovine f ra c tio n  V 96-99% albumin
Glucose oxidase Sigma diagnostics procedure No. 510
Dowex-50W- Hydrogen, strongly acidic cation
Aldrich Chemical Company L td . , New Road, Gillingham, Dorset
2-Methoxyacetic acid
3 ,5 ,  Diaminobenzoic acid dihydrochloride
ICN Biomedicals In c . , K & K Laboratories, Plainview, New York, USA 
Methoxyacetamide
Fluorochem L t d . , Peakdale Road, Glossop, Derbyshire, England
2-Methylth ioacetic  acid
May and Baker L t d . , Dagenham, Essex
A ll  organic solvents, an a ly t ica l reagent grade
The following were k indly  donated by Dr E.J. Moss of the B r i t is h  Industr ia l  
Biological Research Association, Carshalton, Surrey 
2-Propoxyacetic acid
2-Butoxyacetic acid 
Methoxyacetylglycine
M ethoxyacety l[ l-^C ]g lyc ine  (0 .7  pCi/mmol) in aqueous solution stored at 2°C 
The following were synthesised by Dr D.E.G Shuker, MRC Toxicology Unit,  
Carshalton, Surrey
3-Methoxypropionic acid
4-Methoxybutyric acid
M eth oxy[l-^ C ]ace tic  acid (2 .5  mCi/mmol) in aqueous solution stored at 2°C
Anti -v iscera l yolk sac antiserum was donated by Drs S.J. Freeman and 
N.A. Brown, prepared as in (Freeman and Brown, 1986).
2 .1 .2  Radiochemicals
Amersham In ternationa l Limited, Amersham, England 
[Methyl-^H]thymidine (25 Ci/mmol) aqueous solution , stored at 2°C 
L-[4,5-^H]Leucine (128 Ci/mmol) aqueous solution containing 2% ethanol,  
stored at 2°C
Sodium [2 -^ C ]a c e ta te  (53 mCi/mmol) so lid , stored at 2°C 
D-[U-^C]Glucose (270 mCi/mmol) aqueous solution containing 3% ethanol,  
stored at -20°C
[^25 i jpoiyvinylpyrrolidone (39 pCi/mg in succinate bu ffer containing 1% 
benzylalcohol (preservative) stored a t 2°C
2 .1 .3  Tissue Culture M aterials
Imperial Laboratories L td . , Ashley Road, Salisbury, England 
Minimum Essential Medium Eagle with Earle 's  Salts without sodium bicarbonate  
and glutamine
Hanks' balanced sa lts  without sodium bicarbonate 
L-Glutamine (200 mM)
2 .1 .4  Tissue Culture plastic -ware  
S te r i l in  L td . , Feltham, England 
Universal containers, s t e r i l e ,  30 ml 
Petri dishes, s t e r i l e ,  60 mm
2 .1 .5  M ateria ls  fo r  l iq u id ;s c in t iH a t io n  counting
National Diagnostics, 198 Route,206 South Somerville, New.Jersey, USA 
Hydrofluor S c in t i l la t io n  solution fo r  aqueous and non-aqueous samples 
Gordon-Keeble L t d . , Imperial Way, Watford 
M in i-v ia ls  fo r  l iqu id  s c in t i l la t io n  counting
2.2 Methods
2.2 .1  Timed pregnant females
Wistar-Porton rats  were maintained in a 12 h/12 h l ig h t /d a rk  cycle, the 
dark cycle beginning at 6  pm. For mating, a male was caged with one female 
in the la te  afternoon. The following morning mating was confirmed by the 
presence of a vaginal plug, th is  was designated as day 1 of gestation.
2 .2 .2  Preparation of sodium sa lts  of alkoxy acids
Aqueous solutions of MAA, PAA, BAA, MPA, and MBA were neutralised with
sodium hydroxide (1 N) and were then lyoph ilized . The so lid  sa lts  were
washed with d ie thy l ether, collected by f i l t r a t i o n  and dried in vacuo. The
alkoxy acids were used as the sodium, salts  throughout the study.
2 .2 .3  Techniques used fo r  whole embryo culture
2 .2 .3 .1  Culture medium
2 .2 .3 .1 .1  Preparation of culture medium
Unless otherwise stated, the cu lture  medium used fo r  whole embryo 
culture comprised 75% immediately centrifuged heat- inactiva ted  ra t  serum, 
and 25% MEM (supplemented with 2 mM glutamine).
2 .2 .3 .1 .2  Preparation of immediately-centrifuged serum
Conceptuses grow equally  well in serum prepared from male, pregnant or 
non-pregnant female rats  (Freeman et a l .  1987). Generally the largest males 
ava ilab le  were used. Animals were anaesthetised using e ther, and blood was 
removed from the descending aorta . Blood was dispensed quickly into ice -
cold s t e r i l e  p las t ic  screw-cap centrifuge tubes. Tubes were centrifuged at
2000 g fo r  3 min (New et a h  1976), and were then stood at room temperature,
fo r  30-60 min or u n t i l  the serum c lo t  re trac ted . Under s t e r i l e  conditions,
the c lo t  was squeezed to release serum and the residual fib r inous m ateria l 
was discarded. Tubes were re-centrifuged at 2000g fo r  5 min, and the serum
decanted and pooled from a l l  animals used. Serum was aliquoted into s t e r i l e  
p las t ic  containers frozen at -20°C, and stored fo r  1-2 weeks. For use in 
culture , serum was thawed at room temperature or 37°C, and heat- inactiva ted  
at 56°C fo r  30 min in a water bath (New et a^. 1976). The cap was loosened 
during hea t- in ac t iva tion  to allow the ether to evolve.
2 .2 .3 .1 .3  Addition of te s t  chemicals to the culture medium
Stock solutions (20 mM) o f the sodium sa lts  of alkoxy acids were 
prepared in MEM. Other acid ic  te s t  chemicals were neutralised by dissolving  
in an equimolar volume of 1 N NaOH, followed by d i lu t io n  to volume with MEM 
to form a neutral stock solution (20 mM). Stock solutions were d ilu ted  as 
necessary with MEM. A ll  solutions were f i l t e r e d  through a M il l ip o re  
membrane ( 0 . 2 2  pm pore s iz e ) ,  p r io r  to use.
2 .2 .3 .2  Explantation and culture o f conceptuses
The embryo culture  system was based on that of New (1978). During the 
afternoon of gestation day 10, (embryonic age 9.5 days) pregnant animals 
were k i l le d  by gassing with carbon dioxide, followed by cerv ica l  
dis location . The uterus was removed, and the conceptuses explanted and 
placed into s t e r i le  Hank's BSS (37°C). Using a stereodissecting microscope, 
and watchmakers forceps, conceptuses were dissected free  of the maternal 
decidua, Reichert's  membrane and trophoblast. The in tac t  v iscera l yolk-sacs  
were reta ined. Mid- or la te -  headfold stage conceptuses were used fo r  
cu ltu re , early -headfo ld- stages were re jected since they develop less well  
in v i t r o . Two or three conceptuses were cultured in 50 ml Soveril bo tt les  
containing 4 ml of standard medium, comprising 75% immediately centrifuged ,  
heat- inactiva ted  ra t  serum (3 ml) and 25% Eagle's Minimal Essential Medium 
with Earle 's  sa lts  (MEM) (1 m l). Bottles were rotated at 37°C fo r  48 h. 
Bottles were gassed at the beginning of culture fo r  5 min with a mixture of  
5% 0^  5% CO2 , 90% N2 -  The oxygen content was increased at 16 h to 20%, and 
at 26 h to 40% (C02  remained a t 5%, the balance being N2 ) by gassing fo r
2 min. Development of conceptuses throughout the culture was monitored by 
viewing on an inverted microscope.
2 .2 .3 .3  Assessment of cultured embryos
At the end of the culture period conceptuses were transferred  into  
saline and examined. Using a micrometer eyepiece, the yolk-sac diameter was 
measured, and a f te r  the removal of external embryonic tissues the crown-rump 
and head-length were also measured. The degree of d i f fe r e n t ia t io n  and 
development was evaluated by a morphological scoring system (Brown and 
Fabro, 1981). According to  th is  procedure the d i f fe re n t  developmental 
stages of various morphological features are assigned a score of 0 to 5, and 
the numerical to ta l  of scores fo r  an individual embryo is taken as the 
overa ll morphological score. This system provides a precise index of 
embryonic development, aiding the detection of re tardation  or 
dysmorphogenesis of specific  primordia.
Embryos and yolk-sacs were washed three times in sa line , and placed 
into Eppendorf tubes. Excess saline was removed and replaced with IN NaOH 
(400 p i ) .  A fte r  tissue had dissolved, an a liquot (100 p i)  was taken fo r  
protein determination.
2 .2 .4  Preparation o f M ethoxyLl-^C jacetic  acid (L1-^C]MAA)
2 .2 .4 .1  Synthesis of L l - 14CjMAA
Methoxy [ l - * 4 C]acetic acid ( [ 1 - * 4 C]MAA) was synthesised on s i te  by 
Dr D. E. G. Shuker as follows:
Sodium (5 mg, 0.22 mmol) was dissolved in dry methanol (1 .5  ml) in a 
10 ml f la s k ,  f i t t e d  with a re f lu x  condenser. A solution of the bromo-
[ l - ^ C ] a c e t ic  acid (250 pCi, 0.1 mmol) in dry methanol (0 .5  ml) was added and
the mixture heated at re f lu x  fo r  1 h. A fter cooling, followed by the
addition of concentrated HC1 (20 p i ) ,  excess methanol was removed in a stream
of nitrogen and the residue extracted with d ie thy l ether ( 5 x 2  m l) .  The
extracts were combined and concentrated by evaporation of the ether. The 
residue was dissolved in water ( 2 . 0  ml) and the solution chromatographed on
a column of Dowex AC-1 x 10 (200- 400 mesh) in the H+ form with 0.08 N HC1
as the e luant. The frac tions  containing the major rad ioactive peak were 
combined, neutralised with NaOH, and evaporated to dryness. The p u r ity  of  
the [1-^C]MAA was checked by th in - la y e r  chromatography (on s i l ic a -g e l  G 
plates with toluene: methanol: acetic  acid (23:4:1 v /v ) as solvent) and was 
93%. The y ie ld  was 169 pCi (67.6 pmol), and the specific  a c t iv i t y  was 2.5  
mCi/mmol.
2 .2 .4 .2  P u rif ic a t io n  of L1-^C]MAA (2 .5  mCi/mmol) by HPLC
For use in the ra t  whole embryo cu ltu re , [1-^C]MAA was dissolved in 
water, the solution a c id if ie d  to pH 2 .0  with d i lu te  H2 SO4  and f i l t e r e d  
through a Mi H i  pore membrane. The f i l t r a t e  was in jected in portions onto an 
HPLC column (u ltrasphere -  ODS (5 u) 12.5 cm x 4 .6  mm ID) which was run with
0.1% H2 SO4  as the mobile phase at a flow ra te  of 1 ml/min. The eluate was
monitored by measurement o f  the absorbance at 214 nm (chart speed 0 .5  
cm/min) and fo r ty  frac tions  (0.25 ml) were co llec ted . Portions (25 p i )  of  
these factions were assayed fo r  ra d io a c t iv i ty  by l iqu id  s c in t i l la t io n  
counting (Method 2 .2 .1 1 .5 ) .  The rad ioactive  MAA peak was id e n t i f ie d  by 
absorbance (214 nm) of a standard solution of MAA (10 mg/ml). The frac tio n s  
that contained most of the MAA (numbers 15-18) were combined and extracted  
eight times with equal volumes of ethyl acetate. The MAA was re -ex trac ted  
from the pooled organic phase into an equal volume of aqueous sodium 
bicarbonate (pH 8 .0 ) ,  and the solution lyoph ilized . The solid  product was 
dissolved in water (5 .0  m l), and the solution chromatographed on a Dowex 50 
column in the H form to remove Na^ ions, and HCOg” ions as CO2 . The column 
was eluted with water and f i f t y  fractions (2 .0  ml) were co llec ted . The 
fractions containing [1-^C]MAA were pooled (detected by a c id i ty ) ;  
neutralised with sodium hydroxide and then fre eze -d r ie d . The product
(117 pCi) was dissolved in water at a concentration of 21.3 pmol (53.3 pCi)/ml 
and stored at 0°C.
2 .2 .5  Techniques used to study the uptake and d is tr ib u t io n  of [1-^C]MAA  
in whole embryo culture
2 .2 .5 .1  Culture conditions
Unless otherwise stated, a l l  experiments u t i l is e d  conceptuses from rats  
explanted on pregnancy day 12 (embryonic age 11.3 days). Conceptuses were 
explanted as described in Method 2 .2 .3 .2 .  Using a stereo dissecting  
microscope, the maternal decidual t issue , trophoblast, Re ichert's  membrane 
and p a r ie ta l  yolk-sac were removed, leaving the v iscera l yolk-sac and ea r ly  
c h o rio -a llan to ic  placenta in ta c t .  Conceptuses were rinsed in MEM and 
transferred to p las t ic  m in i-v ia ls  fo r  incubation. Two or three conceptuses 
were incubated in each v ia l  in 1 ml medium: The medium consisted of 75%
immediately-centrifuged, heat-inactiva ted  ra t  serum (Method 2 . 2 . 3 .1 .2 ) ,  with 
25% MEM, and was equ ilib ra ted  with 40% 0£, 5% CO2 , 55% N2 . During 
incubation, v ia ls  were ro l led  at 60 rpm at a temperature of 37°C.
Conceptuses were allowed a 1 h acclim atisation period in v i t r o  p r io r  to 
addition of treatment (a t  th is  stage the medium consisted of 750 pi serum and 
220 pi MEM). MAA (25 p i )  was added from a concentrated stock solution in MEM 
to each m in i -v ia l ,  along with 5 pi of [1-^C]MAA (0.25 pC i/m l),  giving the 
f in a l  concentration of MAA desired (usually  3 mM), in a to ta l  volume of 1 ml 
(75% serum/25% MEM). The incubation was continued fo r  a fu r th e r  1 h (unless 
otherwise s ta ted ).
2 .2 .5 .2  Analysis of tissue samples
At the end of the incubation period conceptuses were ra p id ly  washed in 
four changes of ice-cold sa line . Exocoelomic f lu id  samples were removed by 
inserting the needle of a 1 0  pi micro-syringe through the avascular p e r i -  
chorionic area of the v iscera l yolk-sac and asp irating  a measured volume of
f lu id .  These samples were counted d ir e c t ly  fo r  contained r a d io a c t iv i ty .  At 
th is  stage the exocoelomic space is much larger than the amniotic space and 
the bulk of the f lu id  is obtained from the exocoelom. However, the amnion 
is f r a g i le  and the asp iration  process often resulted in damage to the 
amnion, in which case both exocoelomic and amniotic f lu id s  would be sampled. 
There is no evidence o f any d ifference between the composition of these two 
f lu id s .  The embryo and v iscera l yolk-sac were dissected free  and 
solubilised in IN NaOH (250 p i)  overnight. A sample was taken fo r  protein  
determination ( 1 0 0  p i ) ,  and the remainder was neutralised and taken fo r  
s c in t i l la t io n  counting.
2 .2 .6  Techniques used to study the metabolism of [ 1 - *^C]MAA by ra t  whole
embryos in culture
2 .2 .6 .1  Culture conditions
During the afternoon of gestation day 10, (embryonic age 9.5 days), 
conceptuses were explanted from u te r i ,  dissected and placed into standard 
48 h cu lture  bottles  as described in Method 2 .2 .3 .2 .  Four conceptuses were 
placed into each b o tt le  and [1-^C]MAA (2 .5  mCi/mmol) was added to the 
medium fo r  the duration of the culture (1 pCi/ml, 1.2 mM). The cu lture  
conditions were iden tica l to  those described in Method 2 .2 .3 .2 .
2 . 2 . 6 .2 Preparation of t issue samples
At the end of the 48 h cu lture  period, conceptuses were removed and 
washed rap id ly  in four changes of ice-cold sa lin e . The exocoelomic f lu id  
was co llected , and the embryo and yolk-sac dissected free  as described in 
Method 2 .2 .5 .2 .  The tissues from eight conceptuses were combined in 
Eppendorf tubes to give three samples fo r  analysis (embryo, yolk-sac and 
exocoelomic f l u i d ) .  The pooled embryos and yolk-sacs were suspended in 
saline (0.75 ml) and homogenised by sonication using a Branson U ltrasonic  
Generator (20 pulses at an output of 30%). The exocoelomic f lu id  was
d ilu ted  with an appropriate volume of sa line . A sample of each homogenate 
was taken fo r  measurement of ra d io a c t iv i ty  giving to ta l  homogenate counts.
The homogenate was fractionated as in Method 2 . 2 . 6 .3 .
2 .2 .6 .3  Tissue frac tiona tion  procedure
Tissue homogenates obtained by Method 2 . 2 . 6 .2 were fractionated  
ess en t ia l ly  by the the method of Schmidt and Thannhauser (1945).
To avoid error due to l im ita t ions  o f the frac tiona tion  procedure (which 
might re s u lt  in residual counts in certa in  f ra c t io n s ) ,  control samples 
were analysed by the same procedure. Control samples consisted of pooled 
t issue from eight 11.5 day conceptuses which were homogenised in saline  
(750 p i ) ,  kept on ice , and supplemented with [1-^C]MAA (0.025 pCi/sample) 
immediately p r io r  to f ra c t io n a tio n .  To the tissue homogenate (750 p i ) ,  20% 
PCA (250 p i)  was added to give a f in a l  volume of 1 ml. The tubes were placed 
on a ro ta ry  mixer overnight. The PCA-insoluble p e l le t  was produced by 
centrifugation  in a microfuge (45 sec), and the supernatant was removed. 
Aliquots of the la t t e r  (2 x 20 p i)  were taken for s c in t i l la t io n  counting.
The remaining supernatant was taken fo r  .analysis of free  metabolites of MAA 
by HPLC (Method 2 . 2 . 6 . 4 ) .  The PCA-insoluble p e l le t  was resuspended in 5%
PCA (1 ml) by sonication. A fte r  re -c e n tr ifu g a t io n , the to ta l  supernatant 
was taken fo r  s c in t i l la t io n  counting. This process was repeated a fu r th e r  
three times. Lipids were extracted from the f in a l  p e l le t  with 1 ml 
chloroformimethanol (2 :1 ) overnight, on a ro ta ry  mixer at 4°C. A fte r  
centr ifugation  in a microfuge, the supernatant was c a re fu l ly  removed, placed 
into a glass s c in t i l la t io n  v ia l  and dried under a stream of nitrogen. The 
residue was taken up in methanol:water ( 1 : 1 , 1 ml) and transferred  to a v ia l  
fo r  s c in t i l la t io n  counting. The p e l le t  was washed three times with 
chloroform.-methanol (2 :1 ) ,  and then dried under a stream of nitrogen. RNA 
was extracted from the p e l le t  by addition of 1 N NaOH (250 p i ) ,  and 
incubation at 37°C overnight (RNA is hydrolysed), followed by r e ­
p rec ip ita t io n  with 5% PCA (20 pi o f ra t  serum was added as protein c a r r ie r ) .  
A fter  cen tr ifugation  in a microfuge, the supernatant (containing RNA), was 
taken fo r  s c in t i l la t io n  counting. The p e l le t  was washed twice with 5% PCA. 
DNA was extracted from the p e l le t  by incubating at 90°C fo r  15 min in 6 % PCA 
(DNA is hydrolysed). A fte r  cen tr ifug a tion , the resu lt ing  supernatant 
(containing DNA) was taken fo r  s c in t i l la t io n  counting. The p re c ip ita te  was 
washed twice with PCA ( 6 %) and was then dissolved in NaOH (1 N), neutralised  
with HC1 (1 N), and taken fo r  s c in t i l la t io n  counting (contained p ro te in ) .
2 . 2 . 6 .4 Analysis o f free  metabolites of [1-^CJMAA by HPLC
The acid-soluble phase derived from the fra c tio n a tio n  of embryonic 
tissue (Method 2 . 2 . 6 .3 )  was taken fo r  analysis by HPLC. Each sample was 
f i l t e r e d  through a M il l ip o re  membrane (0 .22 pm pore s iz e ) ,  a c id i f ie d  to  
pH 2 .0  with H2 SO4 , and an a liquot (50 or 100 p i)  in jected onto the HPLC 
column. Samples of culture media were also analysed fo r m etabolit ies .
Serum protein was removed by p rec ip ita t io n  with 5% PCA, the acid-soluble  
phase was f i l t e r e d  (as above) and a c id if ie d  to pH 2 .0 .  An a liquot (50 or 
100 p i)  was in jected onto the HPLC column.
The column and HPLC conditions were iden tica l to those described in 
Method 2 .2 .4 .2 .  Forty fractions were collected (0.25 ml) and assayed fo r  
ra d io a c t iv i ty  by s c in t i l la t io n  counting. The rad ioactive  MAA peak was 
id e n t if ie d  by absorbance (214 nm) of a standard solution of MAA 10 (pg/m l).  
Standard solutions of g lyco lic  acid (10 mg/ml), bromoacetate (15 .8  mg/ml) 
and m ethoxyacety l[l-^C ]g lyc ine  (0 .7  pCi/mmol) were s im ila r ly  a c id i f ie d  to  pH
2 . 0  prio r to in je c tio n .
2 .2 .7  Techniques used to study incorporation of rad io labelled
metabolic precursors
2 .2 .7 .1  Culture conditions
2 .2 .7 .1 .1  [Methyl-^Hjthymidine (25 Ci/mmol), (L^H]thymidine)
Conceptuses were explanted on gestation day 12 (embryonic age 11.3
days) as in Method 2 .2 .3 .2 ,  and were placed into 50 ml Soveril culture  
bottles  containing 3.75 ml of standard cu lture  medium (comprising 
immediately-centrifuged heat- inactiva ted  ra t  serum (3 ml) and MEM (0.75  
m l) ) .  The media was equ il ib ra ted  with 40% Og, 5% CO2 , 55% N2 * Six to eight 
conceptuses were placed into each b o tt le  and were rotated at 37 rpm (37°C),  
fo r  a period of 1 h acc lim atization  in v i t r o . Treatment (MAA or 
hydroxyurea) was then added to each b o tt le  from a concentrated stock 
solution in MEM, (controls received an equal volume of MEM). A fte r  a 2 h 
exposure, [^Hjthymidine (3 pCi/ml) was added to each b o t t le ,  and 
incorporation allowed to proceed fo r  an additional 1 or 2  h whereupon the 
incubation was terminated (Method 2 .2 .7 .2 ) .  Each sample consisted of e i th e r  
an indiv idual embryo or yolk-sac.
For the study of incorporation of [^Hjthymidine by 10.3 day conceptuses 
(embryonic age), the incubation procedure was ess e n t ia l ly  the same as the 
above. However, the media was equ il ib ra ted  with 20% O2 , 5% CO2  and 75% N2 > 
and e ith e r  3 embryos or 3 yolk-sacs were pooled to provide s u f f ic ie n t  
m ateria l fo r  each sample.
2 .2 .7 .1 .2  L -L 4 ,5 - 3 H]Leucine (128 Ci/mmol), ( t 3 H]leucine)
Conceptuses were explanted on gestation day 10 (embryonic age, 9.5
days) and were placed into standard 48 h cu ltu re . Explantation and cu lture  
conditions were as in Method 2 .2 .3 .2 .  Conceptuses were taken fo r  
incorporation studies e ith e r  at an embryonic age of 10.3 days or 11.3 days, 
as deta iled  in the results  section. The incubations were as follows:
At an embryonic age of 10.3 days, conceptuses were removed ( a f te r  16 h
of standard cu lture) and were transferred into MEM (37°C) fo r  examination 
under a dissecting microscope. Healthy conceptuses of s im ila r  ages, were 
transferred in pairs into m in i-v ia ls  containing 1 ml of medium, (75% 
immediately-centrifuged heat-inactiva ted  serum and 25% MEM) with or without 
(contro l)  te s t  chemical added. [^H]Leucine (10 pCi/ml, 128 Ci/mmol) was also 
added to the media which was equ ilib ra ted  with 20% O2 , 5% CO2 , 75% N2  p r io r  
to ro ta tion  at 60 rpm (37°C) fo r  8  h, (equivalent to 17-24 h of a standard 
48 h c u ltu re ) .  Each sample consisted of e i th e r  two embryos or two yo lk -  
sacs. The incubation was terminated as in Method 2 .2 .7 .2 .
The incubation procedure fo r  incorporation of [^H]leucine by 
conceptuses of 11.3 days embryonic age, was ess e n t ia l ly  the same as that  
above. However, each sample consisted o f e ith e r  an indiv idual embryo or 
yolk-sac, and 3 or 4 conceptuses were cultured per m in i -v ia l .  The media, 
with or without (contro l)  tes t  chemical added, was equ il ib ra ted  with 40% O2 , 
5% CO2  and 55% N2 . Conceptuses were pre-trea ted  fo r  a 2 h period p r io r  to 
the addition of [^Hjleucine (10 pCi/ml, 128 Ci/mmol) to the cu lture  medium. 
M in i-v ia ls  were re-gassed, and the incubation continued fo r  a fu r th e r  
1-4 h, whereupon i t  was terminated (Method 2 .2 .7 .2 ) .
2 .2 .7 .1 .3  Sodium [2 -^ C ]a c e ta te  (53 mCi/mmol) ( [^ C ]a c e ta te )
Conceptuses were explanted on day 10 (embryonic age 9.5 days) and 
placed into standard 48 h cu ltu re . Explantation and culture  conditions were 
iden tica l to those in Method 2 .2 .3 .2 .  A fte r  16 h of standard cu ltu re ,  
conceptuses were removed and placed into MEM (37°C) fo r  examination.
S im ila r ly  aged conceptuses were transferred  in pairs into m in i-v ia ls  
containing 1 ml medium (75% immediately centrifuged hea t- inactiva ted  serum 
and 25% MEM), MAA (10 mM), and [^ C ]a c e ta te  (10 pCi/ml, 53 Ci/mmol). Media 
was equ ilib ra ted  with 20% 0 2 * 5% CO2 , 75% N2  and m in i-v ia ls  were rotated at 
60 rpm, 37°C fo r  8  h. The incubation was terminated as in Method 2 .2 .7 .2 .
2 .2 .7 .2  Dissection of conceptuses fo r  analysis
Incubations were terminated by removing conceptuses into a p e tr i-d ish  
of ice-cold sa line . The embryo was dissected free  of the yolk-sac, and both 
were washed thoroughly three times in ice-cold sa line . Each tissue sample 
was suspended in a volume (200-250 p i)  of phosphate buffer (pH 7 .5 , 50 mM). 
When 11.3 day (embryonic age) conceptuses were used, a sample consisted of 
e ith e r  an individual yolk-sac, or embryo. For the smaller 10.3 day 
conceptuses, however, embryos or yolk-sacs were pooled (two or three per 
sample), as deta iled  in the resu lts  section. Samples were placed in 
Eppendorf tubes and stored at 0°C p r io r  to analysis (Method 2 .2 .7 .3 ) .
2 .2 .7 .3  Analysis of embryonic samples by TCA p rec ip ita t io n
Tissue samples in phosphate buffer (pH 7 .5 , 50 mM), volume as above, 
were homogenised by pulse sonication. An a liquot of each homogenate (20 p i)  
was taken fo r  determination of to ta l  ra d io a c t iv i ty  (Method 2 .2 .1 1 .5 ) .  An 
aliquot (50-100 p i)  was also taken fo r protein estimation, followed by 
addition of protein c a r r ie r  to.each tes t  sample (20 pi serum). I f  a DNA 
estimation was to be conducted ( [^H]thymidine incorporation s tud ies ),  a 20 pi 
sample was removed at th is  stage. Samples were made to 10% with ice-cold  
TCA ( to ta l  volume = 1 . 1  ml) and were l e f t  at 4°C fo r  30 min to allow fo r  
p re c ip ita t io n .  A fte r cen tr ifugation  in a microfuge (approximately 45 sec), 
the supernatant was removed ( 1  ml) and analysed fo r  ra d io a c t iv i ty  (acid  
soluble counts). The p e l le t  was washed twice with fu r th e r  volumes of 10%
TCA (1 ml) and then dissolved in 1 N NaOH (250 p i ) .  Each sample was 
neutralised with I N  HC1 (250 p i)  and assayed fo r ra d io a c t iv i ty  (ac id -  
insoluble counts).
2 .2 .8  G lyco ly tic  conversion of glucose to lac ta te
2 .2 .8 .1  Culture conditions
Conceptuses were explanted on gestation day 10 (embryonic age 9.5
days), and were cultured for 48 h under trie slandaru conditions (Method 
2 .2 .3 .2 ) .  A fte r  16 h, the conceptuses were removed and placed in 
t r ip l ic a t e  into m in i-v ia ls  containing 1 ml of medium (75% immediately- 
centrifuged heat- inactiva ted  serum, 25% MEM) and MAA (5 mM). D - [U -^ C ] -  
Glucose was added to the culture medium (1.1 pCi/ml, 270 mCi/mmol). The 
media was equ il ib ra ted  with 20% 0 2 > 5% CO2  and 75% and m in i-v ia ls  were 
then placed on ro l le rs  (60 rpm) at 37°C fo r  an 8  h incubation period 
(equivalent to 17-24 h of a standard c u l tu re ) .  At the end of the incubation 
period media was removed fo r  subsequent analysis by paper chromatography 
(Method 2 . 2 . 8 . 2 ) .  Conceptuses were washed three times in sa lin e , dissolved 
in 1 N NaOH (500 p i)  and an a liquot (100 p i ) ,  taken fo r protein determination  
(Method 2 .2 .1 1 .1 ) .
2 .2 . 8 .2 Descending paper chromatography
Descending paper chromatography was carried out using the solvent 
system of Partridge (1948). Whatman No. 3 chromatography paper was cut into  
s tr ips  (1 .6  cm wide), and samples of media (10 p i)  spotted at the o r ig in  (7 .7  
cm from one end of the paper s t r ip ) .  The s tr ips  were pegged in position in 
a Shandon tank, and a glass rod was la id  in the trough. The solvent used 
was butanol:acetic acid:water (4 :1 :5 ,  Partridge, 1948), in a to ta l  volume of  
100 ml. The constituents were mixed thoroughly and the phases then allowed 
to separate in a separating funnel. The aqueous phase was poured in to  a 
large pe tr i  dish at the bottom of the tank, the l id  was sealed with 
Vaseline, and the tank allowed to eq u il ib ra te  fo r  period of 1 h. The 
organic phase was then poured into the upper trough through a hole in the 
l id ,  and the chromatogram was run fo r  16 h. S trips were removed c a re fu l ly  
from the tank, placed on Bench-kote, the position of the solvent fro n t  
marked and l e f t  to dry in a fume hood. Strips were cut into 1 cm segments 
and each assayed fo r  ra d io a c t iv i ty .  The lacta te  and glucose peaks were 
id e n t if ie d  by chromatography of standard rad io labe lled  glucose and lac ta te
solutions.
2 .2 .9  Yolk-sac pinocytosis
The method used fo r  measuring flu id-phase pinocytosis by v iscera l yo lk -  
sacs was e s s e n t ia l ly  that of Williams et a2» (1975).
Conceptuses were explanted on gestation day 12 (embryonic age 11.3 
days) as described in Method 2 .2 .3 .2 ,  and were placed into 50 ml culture  
bottles  containing 4 ml medium (25% immediately-centrifuged heat-inactiva ted  
serum and 75% MEM). The medium was equ ilib ra ted  with 40% O2 , 5% CO2 , 55% N2  
and bottles  were rotated at 30 rpm, 37°C fo r  1 h, to allow conceptuses to 
acclimatise in v i t r o . Conceptuses were then c a re fu l ly  transferred  to mini- 
v ia ls  containing 1 ml medium (25% serum/75% MEM, as above) with or without 
(contro l)  te s t  chemical added, and ^ I - l a b e l l e d  polyvinylpyrrolidone (PVP, 
39 pCi/mg) at 1 pCi/ml (unless otherwise s ta ted ).  A fte r  a fu r th e r  2 or 4 h
incubation period at 37°C, 40% O2  (as above), and ro l l in g  at 60 rpm,
conceptuses were removed into ice-cold sa line , washed three times and the 
yolk-sac dissected f re e .  The la t te r  was taken up in saline (200 p i ) ,  
homogenised by pulse sonication and counted fo r  ra d io a c t iv i ty  using a 
Packard auto gamma s c in t i l la t io n  spectrometer. An a liquot (50 p i)  was then 
taken fo r  protein estimation. Uptake of rad io label was expressed as a
clearance in units of pi medium whose contained ra d io a c t iv i ty  was taken up
per mg yolk-sac protein (Williams et a4. 1975).
2 .2 .10  In vivo tera to logy study
Groups of 4 or 5 pregnant Wistar-Porton rats  were in jected i .p .  with 
e ith e r  MAA or PAA (2 .5  mmol/kg in sa line) on gestation day 13 (embryonic age
12.3 days). Controls were in jected with an equal volume of sa lin e . Each 
animal received only one in je c t io n . The in jections were given in the  
morning, and the animals were kept under close observation throughout the
remainder of th e ir  pregnancies.
On the 20*^ day of gestation, animals were k i l le d  by chloroform 
inha la tion . Each uterus was opened to expose the foetuses and the number of 
l iv e ,  dead or resorbed foetuses was recorded. The l iv e  foetuses were 
removed and examined fo r  external malformations. The to ta l  l i t t e r  was 
weighed, ad then 50% of the foetuses were f ixed  in Bouins f lu id  fo r  
subsequent examination fo r  soft tissue malformations (Wilson, 1965). The 
remaining foetuses were f ixed in 95% alcohol fo r  48 h p r io r  to ev iceration  
and staining with A l iz a r in  Red S (Richmond and Bennet, 1938)
2.2.11 Miscellaneous methods
2 .2 .11 .1  Protein estimation
Protein was estimated by the method o f Lowry et a l .  (1951). Bovine 
serum albumin was used as a reference. Tissue samples (1 ml) in 0.1 N NaOH, 
were mixed with 5 ml a lka l in e  copper reagent, containing 2% copper sulphate: 
2% sodium potassium ta r t r a te :  .2% sodium carbonate (anhydrous in 0.1 N sodium 
hydroxide) (1 :1 :1 0 0 ) .  Tubes were l e f t  fo r  20 min at room temperature, Folin  
reagent (0 .5  ml) d ilu ted  1:1 in water, was added to each tube and 
immediately vortex mixed. A fte r  a fu r th e r  period of 30 min at room 
temperature, the absorbance of each solution was read at 750 nm.
2 .2 .1 1 .2  DNA estimation
The method used to estimate DNA content was e s s e n t ia l ly  tha t  of Kapp 
et a l .  (1974).
Diaminobenzoic acid solution (DABA) was prepared as fo llow s; lOg of  
3,5-diaminobenzoic acid dihydrochloride was dissolved in 25 ml of 0.1 N HC1. 
Charcoal (0.52 g) was added and the solution f i l t e r e d  through a M il l ip o re  
f i l t e r .  To the te s t  sample (20 or 40 pi in phosphate buffer pH 7 .5 ,  in an 
Eppendorf tube) was added 10% TCA (100 p i ) .  Samples were placed at 4°C fo r  
30 min, a f te r  which they were centrifuged in a microfuge (45 sec). The
supernatant was discarded, and the p e l le t  dissolved in 5 mM NaOH (100 p i ) .  To 
each sample, 100 pi of DABA was added (400 mg/ml in 0.1 N HC1) and tubes were 
c a re fu l ly  mixed (but not vortexed). A fte r  incubation at 60°C fo r  30 min in 
a water bath, tubes were cooled and the samples transferred  to small glass 
tes t  tubes. To each was added 2.3 ml HC1 (1 N), and the fluorescence 
estimated using a Perkin Elmer Fluorimeter (exc ita t io n  and emission s l i t s
nm ran
set at 5 nm, ex = 408 ,^ em = 500^). C a lf  thymus DNA was used as a reference.
2 .2 .1 1 .3  Serum glucose determination
Serum glucose was assayed using a q u a n tita t iv e ,  enzymatic (glucose 
oxidase) k i t  (Sigma, procedure No. 510). The method used is e s s e n t ia l ly  
that of Raabo and Terkildsen (1960) and the p r in c ip le  of the tes t  is as 
follows:
Glucose + H2 O + O2  -----------------------  >  Gluconic acid + H2 O2
Glucose oxidase
H2 O2  + 0-D ianis id ine ........................   ->  Oxidised O-Dianisidine
Peroxidase (Brown)
The in te n s ity  of the brown colour measured at 450 nm is proportional to  
the o r ig in a l glucose concentration.
Enzyme solution: 500 units of glucose oxidase (Aspergillus n ig e r ) ,  100
Purpurogallin units o f peroxidase (horseradish) and buffer  
salts  in 100 ml d is t i l le d  water. Stored at 2-6°C in an 
amber b o t t le .
Enzyme-colour reagent solution: To the above enzyme solution (100 ml) was
added 1 . 6  ml of 0 -d ian is id in e  
dihydrochloride (2 .5  mg/ml).
To each te s t  sample (0 .5  ml of a 1/20 d i lu t io n  of serum in water) was 
added 5 ml of the enzyme-colour reagent solution , and tubes were mixed
thoroughly. Tubes were incubated at 37°C fo r  30 min, and the absorbance 
read at 450 nm against a reagent blank. A standard solution of B-Glucose 
( 1  mg/ml) in benzoic acid ( 0 . 1 %) was used as a reference.
2 .2 .1 1 .4  Protein binding o f L1-^C]MAA in serum
The binding of [ 1 -^C]MAA to serum protein was assessed using the 
m icropartit ion  system (MPS-1, Amicon) fo r  separation of free  from protein  
bound microsolute. Test samples (4 ml) comprising 75% immediately- 
centrifuged heat-inactiva ted  ra t  serum (Method 2 .2 .3 .1 .2 )  and 25% MEM, were 
equ ilib ra ted  with 40% O2 , 5% CO2 , and 55% N2  in p la s t ic  centrifuge tubes. 
Tubes were placed in a water bath at 37°C and 0.2 pCi [1-^C]MAA added to 
each. A fte r  mixing, aliquots (2 x 100 p i)  were taken fo r determination of 
ra d io a c t iv i ty .  The m icropartit ion  equipment was assembled, and 1 ml 
samples c a re fu l ly  pipetted into the chamber (avoiding a i r  bubbles). The 
f i l l e d  device was placed in a fixed-angle  centrifuge ro tor containing 17 x 
100 mm adapters (p re -equ ilib ra ted  at 37°C fo r  1 h ). The ro tor and tubes 
were l e f t  at 37°C fo r  a fu r th e r  30 min. Tubes were centrifuged at 2000g fo r  
8  min, giving a f i l t r a t e  volume of over 300 p i .  The apparatus was 
disassembled, and aliquots ( 2  x 1 0 0  p i)  of both the f i l t r a t e  and re ten ta te  
taken fo r  determination of ra d io a c t iv i ty .  The f i l t r a t e  volume was measured, 
and the re ten ta te  volume subsequently calcu lated . The percentage fre e  was 
calculated as follows:
dpm/ 1 0 0  pi f i l t r a t e
dpm/ 1 0 0  pi ' i n i t i a l l y
2 .2 .1 1 .5  Measurement-of [3 ra d io a c t iv i ty
R ad ioactiv ity  was measured in a Beckman 6800 liqu id  s c in t i l la t io n  
spectrophotometer. Aqueous samples were d ilu ted  1:9 with s c in t i l la n t  
(Hydro fluor) . A lkaline samples were neutralised with 1 N HC1 p r io r  to  
addition of s c in t i l la n t .
2 .2 .1 1 .6  S ta t is t ic a l  analysis
Unless otherwise stated, a l l  data are expressed as the mean _+ standard 
deviation . S ta t is t ic a l  significance was assessed by using 
Student's ' t 1 t e s t .  Values are superscripted with *  to indicate s t a t is t ic a l  
significance as follows: p < 0.05 = * ,  p  ^ 0 . 0 1  = * * ,  p < 0 . 0 0 1  = * * * .
The data in Table 3 .1 .1 .2  (column 2) was assumed not to fo llow  a normal 
d is tr ib u t io n .  Significance was therefore assessed using a non-parametric 
tes t  ie .  F isher's  exact te s t .  This tes t  is used in preference to the ch i-
squared te s t  when the sample is  not large and expected values are less than
5. Values are superscripted with *  to indicate s t a t is t ic a l  s ign ificance as 
above.
2 .2 .1 1 .7  Experimental design
A fter dissection, embryos which were not of the head-fold stage were 
discarded and not used fo r  cu lture . The correct-aged embryos from each 
indiv idual l i t t e r  were then randomly d is tr ibu ted  throughout the f u l l  range 
of control and treatment b o tt les .
2 .2 .1 1 .8  Source of rats
A ll  ra ts  were outbred and o f the Wistar-Porton derived LAC-p laboratory
colony. Animals were bred on s i te .
3.0 Results
3.1 S tru c tu re -a c t iv ity  re lationships in post-implantation ra t  whole
embryo culture
3.1 .1  The teratogenic potentia l of alkoxy.acids in post-implantion ra t  
whole embryo culture
Cultures of whole embryos were as in Method 2 .2 .3 .  At the 9.5 day 
explantation stage, the ra t  conceptus had 0 - 2  pairs of somites and measured
1.5 mm in diameter; the embryonic protein content was about 10 pg. Untreated 
conceptuses developed extensively over the 48 h culture period to the fo re ­
limb bud stage, with 25 somites and a mean embryo protein content of 249 pg. 
Absolute growth and developmental parameters of control conceptuses are 
shown in Table 3 .1 .1 .1 .  The remaining data in Table 3 .1 .1 .1 .  are expressed 
as percentage of control values, only concomitant control embryos being used 
fo r comparison with each chemical. In th is  way, varia tions between 
experiments, due to s l ig h t  differences in the developmental stage of 
conceptuses at explantation, were elim inated.
At a concentration of 2 mM in the cu lture  medium none of the te s t  
compounds adversely effected the development o f the conceptuses (data not 
shown). At a concentration of 5 mM in the culture medium, each of the 
alkoxy acetates, MAA, EAA, PAA and BAA, resulted in s ig n if ic a n t  e f fe c ts  on 
the development and growth o f  conceptuses (Table 3 .1 .1 .1 ) .  Potency 
decreased with increasing length of the alkoxy chain, MAA and EAA c le a r ly  
being more embryotoxic than e ith e r  PAA or BAA. MAA was s l ig h t ly  more 
embryotoxic than EAA and PAA was s l ig h t ly  more e f fe c t iv e  than BAA. Of the 
parameters measured, the morphological score and embryonic protein content 
were the most sensitive indicators of embryotoxicity. At a concentration of 
5 mM, MPA had no s ig n if ic a n t  e f fe c t  on growth, whereas MBA s ig n i f ic a n t ly  
decreased yolk-sac prote in , crown-rump and head-lengths (Table 3 .1 .1 .1 ) .  At 
10 mM, MPA s ig n if ic a n t ly  reduced embryonic protein to 80% of contro ls , but 
no other e ffec ts  were seen (data not shown).
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At a concentration of 5 mM, a l l  compounds produced morphological 
defects in cultured embryos (Table 3 .1 .1 .2 ) .  In general, the s tructu re -  
a c t iv i t y  re la tionsh ip  fo r  induction of abnormalities was consistent with 
that observed fo r  the growth parameters. MAA and EAA were c le a r ly  the most 
potent compounds, with MAA again being more ac t ive . PAA and BAA were 
progressively less e f fe c t iv e .  MPA and MBA were s l ig h t ly  and equally  
dysmorphogenic being less potent than PAA and BAA.
The most frequent abnormality produced was an i r r e g u la r i ty  of the 
neural suture l in e  Fig. 3 .1 .1 .3 .  This e f fe c t  was most severe with MAA and 
EAA and decreased with increasing chain length of the alkoxy acid (Table
3 .1 .1 .2 ) ,  as did the abnormalities seen in o t ic  and somite development (F ig .
3 .1 .1 .2 ) .  Embryos treated with MAA and EAA showed a high incidence of 
abnormal yolk sacs (Table 3 .1 .1 .1 ) ,  the vasculature appeared disorganised 
and the persistence of blood islands was apparent (F ig . 3 .1 .1 .1 ) .  At a 
medium concentration of 5 mM, 100% of MAA-treated embryos, but only 36% of 
the EAA-treated embryos, had open cran ia l folds (F ig . 3 .1 .1 .2 ,  Table
3 .1 .1 .2 ) .  Also the increase in the incidence of turning fa i lu r e  was greater  
in the presence of MAA than EAA.
At a concentration of 2 mM the alkoxy acids in the cu lture  medium 
produced a s im ila r  trend of abnormalities, with a correspondingly lower 
incidence (Table 3 .1 .1 .2 ) .
3 .1 .2  The, teratogenic, potentia l,  of. various., s tructura l .analogues, of. MAA in 
postrimplantation, ra t , whole, embryo.culture 
As a continuation o f the previous s t ru c tu re -a c t iv i ty  ( 3 .1 .1 ) ,  i t  was 
decided to te s t  various analogues of MAA, and also possible fu r th e r  
metabolites. The structure of MAA is CH3 -0-CH2 -C00H. Two compounds were 
used in which the ether oxygen was replaced by -S- (m ethylthioacetate) and 
-NH- (sarcosine). In others the -C00H group was blocked e ith e r  as the amide 
(methoxyacetamide), or as the glycine conjugate (methoxyacetylglycine). The
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Figs. 3.1.1.1, 3.1.1.2 and 3.1.1.3
Rat embryos after culture for 4-8 h in the presence (or absence, 
control) of each of the alkoxy acids (5 mM).
MAA EAA PAA BAA
MPA MBA CONTROL
Fig. 3.1.1.1 Whole conceptuses. The visceral yolk sacs of 
the MAA and EAA treated conceptuses are 
morphologically abnormal.
Fig. 3.1.1.2 Side view of embryos. Embryos treated with MAA 
and EAA are grossly abnormal, showing irregular 
somites, abnormal otic vesicles and open cranial 
folds (MAA only). Embryos treated with PAA, BAA, 
MPA and MBA are slightly retarded but do not show 
major structural defects.
Fig. 3.1.1.3 Dorsal view of embryos. Waviness of the neural
suture line. Control = 1 (slight kink), MPA = 3 
(slight/moderate), EAA = 6 (severe).
MAA E A A P A A BAA
MPA MBA CONTROL
Fig. 3.1.1.2
Fig. 3.1.1.3
EAA MPA CONTROL
l a t t e r  compound is known to be a minor metabolite of MAA in v ivo . G lycolic  
acid (HOCH2 COOH), a possible product of the O-demethylation o f MAA was also 
examined.
Culture conditions were identica l to Section 3 .1 .1  (Method 2 .2 .3 ) .  The 
growth parameters resu lt ing  from these treatments are shown in Table
3 .1 .2 .1 .  Methoxyacetylglycine, sarcosine and methoxyacetamide at 
concentrations of 10 mM, did not in h ib it  growth and development of 
conceptuses. Methylthioacetate, however, was s ig n i f ic a n t ly  embryotoxic at a 
concentration of 2 mM (MAA was not).  G lycolic acid was also s ig n i f ic a n t ly  
embryotoxic, but at a concentration of 5 mM (Table 3 .1 .2 .1 ) .
A l l  of these compounds produced some morphological defects in cultured  
embryos at the reported concentrations above (Table 3 .1 .2 .2 ) .  
Methylthioacetate (2 mM) gave a maximum score on the i r r e g u la r i ty  of the 
neural suture l ine  (600), ie  the same as MAA at 5mM. S im ila r ly ,  100% of  
these embryos showed abnormal o t ic  and ir re g u la r  somites. However, none of  
the m ethylth ioacetate-treated embryos had open cran ia l folds at 2 mM, but at  
5 mM, 100% showed th is  abnormality (data not shown). Sarcosine, 
methoxyacetamide and methoxyacetylglycine were a l l  r e la t iv e ly  non- 
embryotoxic at 10 mM, though methoxyacetamide did induce an increase in 
turning fa i lu r e  to 50%. G lycolic  acid, at 5mM was embryotoxic. The major 
defect seen was an abnormality o f the head shape. F i f t y  percent of embryos 
showed th is  abnormality but none had open cran ia l fo lds . S im ila r ly  at  
10 mM, g lyco lic  acid resulted in abnormal head shape in 83% of a l l  embryos 
treated , but again, there were no open cran ia l folds (data not shown).
Also, g lyco lic  acid did not give r is e  to any i r r e g u la r i t y  of the neural 
suture l in e .  Therefore, the abnormalities induced by g lyco lic  acid appeared 
to be very d i f fe re n t  to those seen with MAA treatment.
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3 .1 .3  Summary, of. s tructu reract.iv ity .  relationships, of. alkoxy. acids, and 
s t ru c tu ra l . analogues ofM AA.in  postrimplantatlon rat, embryo ,culture
The teratogenic potentia l of these compounds is decreased by increasing  
the length o f the alkoxy chain from methoxy- to butoxy-, and s im ila r ly  by 
increasing the length of the carboxylic acid chain from acetate to butyrate.  
Substitution of the -0 -  group by -S- resu lts  in an increase in a c t iv i t y  by 
approximately 2 fo ld ,  whereas substitu tion  by -NH- renders the compound 
inactive . Blockage of the -C00H group by e ith er  an amide or a glycine  
conjugate also resu lts  in in a c t iv i t y .  G lycolic acid, a possible metabolite  
of MAA gives quite a potent e f fe c t ,  but the resu lt ing  abnormalities are very 
d if fe re n t  to those induced by MAA.
3 .1 .4  T eratogeqp. e f fe c ts .o f .MAA. and.PAA. i n . th e . r a t . i n .v i vo
The aims of th is  study were:-
a) To confirm the s t ru c tu re -a c t iv i ty  re la tionsh ip  observed in v i t r o  (whole 
embryo cu lture) in section 3 .1 .1 .
b) To confirm previous results  from th is  laboratory (Brown et a l*  1984) on 
the te ra to g e n ic ity  of MAA in the ra t  in v ivo .
Pregnant ra ts  were dosed with e i th e r  MAA or PAA (2 .5  mmol/kg, i . p . ) ,  on 
day 13 pregnancy. Controls were dosed with the same volume (1 .0  ml/kg) of 
physiological sa line , (Method 2 .2 .1 0 ) .
The controls o f the present study were dosed with saline on day 13 of 
gestation. Previous studies (Parkhie et a j .  1982) have shown th a t  the 
incidence o f  fo e ta l  malformation in rats of the laboratory Wistar-Porton  
colony is unaffected by the administration of sa line . Brown et a j . (1984) 
have shown that there is no d ifference on the outcome of pregnancy by dosing 
with e ith e r  saline or sodium acetate (2 .5  mmol/kg, i . p . ) .
Administration of 2.5 mmol/kg MAA on pregnancy day 13 was markedly 
embryotoxic, as indicated by a decrease in foe ta l weight and an increase in 
structura l malformations (Table 3 .1 .4 ) .  PAA however, did not s ig n i f ic a n t ly
Table 3.1.4 Embryopathic and Teratogenic e ffec ts  of methoxyacetate (MAA) 
and propoxyacetate (PAA) in the ra t
Controls PAA MAA
Total number 
Dams
Implantation sites  
Live foetuses 
Malformed foetuses 
[% Live foetuses)
L i t t e r  values (mean + SEM)
% Resorptions 
% Malformations 
Foetal weight (g)
Skeletal malformations 
% Live foetuses (number of 
foetuses)
Kinky ribs  
Shortened/bowed, 
ulnar or radius 
Humerus protruberance 
missing
Visceral malformations 
% l iv e  foetuses (number of 
foetuses)
Hydrocephalus 
Displaced te s t is  
Elongated bladder
6
75
64
8  (13)
14.68 + 9.46
18.07 + 8 .8 5  
3.36 + 0.06
19 ( 6 ) 
9 (3)
4
43
35
12 (34)
19.35 + 7.38
32.70 + 8.05  
3.65 + 0.16
17 (3)
35 ( 6 ) 
18 (3) 
12 ( 2 )
4
43
37
33 (89)
2 1 . 1 0  + 13.41 
95.83 + 4.18
2.70 + 0.25
67 (10) 
80 ( 1 2 ) 
100 (15)
60 ( 1 2 ) 
35 (7) 
85 (7)
Pregnant rats  were given a dose of e i th e r  MAA or PAA (2 .5  mmol/kg, i . p . )  on 
day 13 of gestation and were k i l le d  fo r  examination on day 20. Control 
animals were in jected with saline on day 13 of gestation, (Method 2 .2 .1 0 ) .
decrease fo e ta l  weight or increase the mean percentage malformations per 
l i t t e r .  A spectra of defects was seen with MAA treatment ie .  ske le ta l  
malformations, hydrocephalus and urogenital abnormalities (Table 3 .1 .4 ) .  Of 
the MAA treated foetuses, 80% had shortened and/or bowed rad ius /u ln ar ,  and 
100% were missing the protruberance at the top of the humerus. The la t t e r  
defect could be one o f retarded o s s if ic a t io n .  PAA treated foetuses did not 
show e ith e r  of these abnormalities. Both MAA and PAA treatments showed an 
increase in the incidence of kinky r ibs  (67% compared to 17% resp e c tive ly ) .  
Both treatments resulted in increases in the incidence of hydrocephalus, 
displaced te s t is  and elongated bladder, but MAA was fa r  more e f fe c t iv e  than 
PAA (Table 3 .1 .4 ) .  These results  confirm those seen in Section 3 . 1 . 1 . ,  ie .  
MAA is fa r  more embryotoxic/teratogenic than PAA.
The spectrum of malformations seen with MAA (2 .5  mmol/kg, i . p . )  in th is  
study are very s im ila r  to but not identica l with those reported previously  
(Brown et jH .  1984). Differences seen in the percentage of malformations 
however, could be due to several factors (eg. the smaller sample s ize , a 
d if fe re n t  colony of ra ts ,  d i f fe re n t  breeding room).
3.2 Meehanisms.o f .MAA. teratogen i c i t y . i n . ra t  whoIe embryo.cu1ture
3.2 .1  Id e n t i f ic a t io n  o f ..the most. s e n s it iv e .p e r io d .fo r  MAA treatment of  
conceptuses during a .48 h culture
Conceptuses (9 .5  day) were cultured under standard control conditions
(Method 2 .2 .3 ) .  At various times throughout the 48 h cu lture  period, 
conceptuses were removed and placed in fresh medium containing MAA (5mM).
The length of exposure to MAA varied from 8  to 16 h. Conceptuses were then 
removed from the MAA treatment, washed and placed back into control bottles
fo r  the remaining period o f the 48 h cu ltu re . At 48 h, a l l  conceptuses were
removed into saline  and examined, growth parameters and abnormalities are 
shown in Table 3 .2 .1 .
Conceptuses exposed to  MAA (5nM) between 17-28 h or 29-40 h, showed 
s ig n if ic a n t  reductions in growth as seen by the growth parameters in Table
3 .2 .1 .  There was no s ig n if ic a n t  d ifference between these two treatment 
periods. Exposure of conceptuses during the period of 0-16 h or 40-48 h, 
however caused no e ffec ts  on embryonic growth.
The most sensitive  period of MAA treatment appeared to be 17-28 h, as 
th is  was when the most abnormalities were observed (Table 3 .2 .1 ) .  The 
neural suture l in e  score was very high (540); 60% of embryos had abnormal
prim ordia.
otic /optic^and 40% exhibited open cran ia l fo lds . Neither of the l a t t e r  two 
abnormalities occurred in embryos that were exposed to MAA fo r  the period of 
29-40 h. Various other minor abnormalities were induced by MAA treatment 
over the d i f fe re n t  exposure periods (Table 3 . 2 . 1 . ) ,  but the most serious 
effec ts  occurred during the period of 17-28 h. Embryos are therefore  most 
sensitive to MAA during the period when they are approximately 10 .4 -10 .9
Table 3.2.1 Effect of varying the exposure period to MAA (5 mM) on ra t whole embryos cultured in v itro
Time (h) o f MAA exposure
Control 
(n = 4)
0-16 
(n = 5)
17-28 
(n = 5)
29-40 
(n = 5)
40-48 
(n = 5)
Growth parameter a
Embryo
Crown-rump (mM) 
Head-length (mm) 
Somite number 
Protein (py)
4.45 + 0.13 
2.38 + 0.13 
26.8 + 0.5 
231 + 3
4.43 + 0.15 
2 . 3 0 +  0.11 
2 6 . 3 + 1 . 0  
223 + 2 9
* *
3.78 + 0.38 
~  *
1.96 + 0.25 
* *
22.5 + 1.7 
*
184 + 42
3.72 + 0.44 
* *
1.78 + 0.33 
★ *
20.0 + 3.7 
128 + 63
4 . 3 6 + 0 . 4 3  
2.38 + 0.23 
25.6 + 1.7 
240 + 52
Yolk sac
Diameter (mm) 4.70 + 0.28 4 . 9 4 +  0.09 4.24 + 0.27 4.32 + 0.41 4.86 + 0.62
Protein (pg)
Morphological
score
101 + 13 
41.5 + 0.3
1 0 3 + 2 2  
39.2 + 1.7
85 + 15 
~  * * *
33.9 + 2.7
83 + 21 
3 5 . 3 + 5 . 5
109 + 27 
40.3 + 2.2
Abnormalities
Neural suture 
score
25 180 540 60 20
Abnorma1 
yolk sac (X)
40 60
Abnorma1 
o tic /o p tic  (X)
60 20
Open cranial 
folds (X)
4?
Irregular 
somites (X)
60 80 80
Twisted t a i l  (X) 20 40
Retarded (X) 20 20 20
Gross (X) 20 20
a Results are means j* SD.  ^ Irregu lar neural suture line score (defined in Table 3 . 1. 1. 2) .
(X} Percentage of to ta l conceptuses with defect. *  S ign ifican tly  d iffe ren t from control.
3 .2 .2  Dose of M AA.required.to .induce.abnorm alities.in  embryos, when 
treated  from.17-24. h, . b u t .examined.a t .48 h
The previous experiment established tha t embryos were most susceptible  
to insu lt  by MAA during the period of 17-28 h of a 48 h cu ltu re . The aim of  
th is  experiment was to determine what dose of MAA would be e f fe c t iv e  at 
producing abnormalities in the embryo (cultured to 48 h ), a f te r  treatment 
fo r  an 8  h period from 17-24 h, (a convenient culture period fo r  biochemical 
determinations).
At 48 h, conceptuses were removed into saline and examined. Growth 
parameters and abnormalities are shown in Table 3 .2 .2 .  MAA at a 
concentration o f  5 mM (from 17-24 h) s ig n i f ic a n t ly  reduced the growth of  
conceptuses, and also induced abnormalities. S im ilar cultures at a 
concentration of 10 mM MAA resulted in extreme abnormalities, most embryos 
being grossly abnormal (data not shown).
I t  was concluded therefore , th a t  MAA at a concentration of 5 mM fo r  an 
8  h exposure (17-24 h ), was s u f f ic ie n t  to induce abnormalities when those 
embryos were grown to 48 h.
3 .2 .3  Incorporation studies
In designing biochemical studies of teratogenesis, i t  is important to  
avoid measurements on grossly defective embryos, which may have a r t i fa c tu a l  
biochemical abnormalities.
The timing of measurements in re la t io n  to exposure is also important, 
so that observed e ffec ts  are re s tr ic te d  to i n i t i a l  in su lts , or e a r ly  events 
in the sequence leading to malformation. For these reasons, short term 
incorporation studies have been carried out on both 10.3 day and 11.3 day 
conceptuses. The time points used a c tu a l ly  correspond to 18-21 h and 40-43 
h of a standard 48 h cu ltu re . The period of 17-24 h of a standard 48 h 
culture has also been used. I t  was shown e a r l ie r  ( 3 .2 .2 ) ,  tha t exposure o f
Table 3.2.2 Growth and development of 10.3 day ra t conceptuses cultured fo r
8 h in the presence of MAA (5 mM)
Control MAA (5 mM)
(n = 5 )  (n = 9)
Growth parameter
Yolk sac diameter (mm) 4 . 7 2 + 0 . 2 9  4.20 + 0.30
Crown rump length (mm) 4.42 + 0.41 3.76 _+ 0.28
* *
Head length (mm) 2 . 3 3 + 0 . 1 6  1 . 9 4 + 0 . 1 8
Abnormalities
Neural suture l ine  20 222
score a
Abnormal yolk sac (%) — 44
Retarded o t ic  (%) ■ 22
Irre g u la r  somites (%) - -  55
Twisted t a i l  {%) - -  55
Conceptuses were exposed fo r  a 8  h period to MAA (5 mM) on day 10, a f te r  
which they were washed and returned to control medium fo r  the remaining 2 1  h 
of the cu lture .
a Neural suture l in e  score (defined in Table 3 .1 .1 .2 ) .
*  S ig n if ic a n t ly  d i f fe re n t  from control.
conceptuses to MAA (5 mM) over th is  8  h period, resulted in substantial 
defects when examined a t 48 h.
This section deals with MAA e ffec ts  on incorporation of various 
rad io labelled  metabolic precursors by 10.3 day and 11.3 day conceptuses.
Conceptuses were e i th e r  explanted on the day required (day 11 or 12) or 
were explanted on day 10 (9 .5  days), and maintained under standard culture  
conditions u n t i l  required (Method 2 .2 .7 .1 ) .  Short term studies ie .  18-21 h 
or 40-43 h followed the same protocol: Conceptuses were exposed to treatment 
fo r  2  h, followed by addition o f rad io labelled  precursor and incorporation  
allowed to proceed fo r  a fu r th e r  1 or 2 h. At the end of the incubation, 
conceptuses were washed, dissected (Method 2 .2 .7 .2 )  and taken fo r  analysis  
(Method 2 .2 .7 .3 ) .
For the exposure period of 17-24 h, conceptuses were dea lt with as 
follows: A fter  16 h of standard cu ltu re ,  conceptuses were removed and
placed into new bottles  containing both treatment and rad io labe lled  
precursor. Incubation was continued fo r  8  h whereupon conceptuses were 
washed, dissected and analysed (Methods 2 .2 .7 .2  and 2 .2 .7 .3 ) .
3 .2 .3 .1  [M ethyl-3 H]tbymidine. ( [ 3 H]thymidine)
Culture conditions were as described in Method 2 .2 .7 .1 .1 .  The 
incorporation of [ 3 H]thymidine into acid-soluble and - inso lub le  frac tio n s  of
11.3 day conceptuses is shown in Table 3 .2 .3 .1 .1 .  Although incorporation  
(dpm/pg DNA) into both fractions was greater fo r  the yolk sac than the 
embryo, f ra c t io n a l incorporation (acid insoluble dpm/total dpm) was s im ila r  
fo r  the two tissues over 1 and 2 h [ 3 H]thymidine exposures. O vera ll,  MAA 
exposure had l i t t l e  influence on incorporation. S light increases were seen 
in incorporation into both soluble and insoluble fractions of the embryo 
with MAA (20 mM) treatment at 2 h. S ig n if ican t increases were also seen in 
incorporation into the acid soluble frac tio n  of the yolk sac with MAA 
treatment. Hydroxyurea (an anti-cancer drug), a known teratogen and an
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in h ib ito r  of the enzyme ribonucleoside diphosphate^was used in the system as 
a pos itive  contro l. At a concentration of 200 pg/ml, hydroxyurea had 
dramatic e ffec ts  on incorporation of [ 3 H]thymidine (Table 3 .2 .3 .1 .1 ) .  The 
f ra c t io n a l incorporation was decreased to 6% fo r  the embryo and to 7% fo r  
the yolk sac ( 1  h exposures).
To determine whether DNA synthesis of younger conceptuses was more 
susceptible to MAA treatment, a s im ila r  experiment using 10.3 day 
conceptuses was conducted. Even a t a concentration of 20 mM, MAA did not 
in h ib it  incorporation of [ 3 H]thymidine into acid-soluble or - insolub le  
fractions of the embryo or yolk sac (Table 3 .2 .3 .1 .2 ) .
3 * 2 , 3 , 2  L - [ 4 ,5 - 3 H ]Leucine .([3 H]leucine)
Culture conditions were as in Method 2 .2 .7 .1 .2 .  The time course fo r  
incorporation of [ 3 H]leucine into the acid-insoluble fra c tio n  of 11.3 day 
conceptuses is shown in Fig. 3 .2 .3 .2 .1 .  Incorporation was l in e a r  with time 
fo r both the embryo and the yolk sac. The influence of MAA on the 
incorporation of [ 3 H]leucine is shown in Table 3 . 2 . 3 . 2 . I .  MAA s ig n i f ic a n t ly  
decreased incorporation into the acid-soluble fra c tio n  of both the embryo (5 
and 10 mM), and the yolk sac (10 mM), but had no e f fe c t  on the acid-  
insoluble incorporation.
To determine whether protein synthesis of younger conceptuses was more 
susceptible to MAA treatment, a s im ila r  experiment using 10.3 day 
conceptuses was conducted. The time course fo r  the 8  h period (17-24h of a 
48 h cu lture) is shown in Fig. 3 .2 .3 .2 .2 .  I t  appears to be l in e a r  fo r  up to 
4 h, and then begins to level out. The influence of MAA (5 mM) on 
incorporation o f [ 3 H]leucine was therefore  tested at various time points  
throughout th is  incubation period. The resu lts  are shown in Table 
3 .2 .3 .2 .2 .  MAA (5 mM) had no e f fe c t  on incorporation of [ 3 H]leucine into  
the acid-insoluble  fra c tio n  of the embryo or yolk sac, throughout the 8  h 
incubation period. MAA (5 mM) did however, s ig n i f ic a n t ly  increase
Table 3.2.3.1.2 Effect of MAA on incorporation of L^H]thymidine by the
10.3 day ra t conceptus in v itro
Sample TCA soluble TCA insoluble Fraction n
dpm/pg DNA dpm/pg DNA incorporated
Embryo
Control 349 ±  51 1907 + 279 85 + 2 5
MAA (20 mM) 374 + 49 2236 + 419 8 6 + 3 6
Yolk sac
Control 1151 + 103 7475 + 575 8 8 + 2 5
* * * '
MAA (20 mM) 1438 + 150 10306 + 2319 8 8 + 1 6
Results are mean + SD
Each sample consisted o f 3 or 4 embryos or yolk sacs.
Conceptuses were pre -equ il ib ra ted  fo r  1 h, followed by a to ta l  treatment 
period of 4 h (equivalent to 18-21 h of a 48 h cu lture) of which they were 
exposed to [ 3 H]thymidine fo r  the f in a l  2 h (Method 2 .2 .7 .1 .1 ) .
*  S ig n if ic a n t ly  d i f fe re n t  from contro l.
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Fig. 3 .2 .3 .2 .1  Time.course fo r . in c o rp o ra t io n .o f , [ 3 H]leucine into protein  
of . l l . 3 . day.~rat.conceptuses’
Conceptuses were pre -equ il ib ra ted  fo r  a to ta l  of 3 h p r io r  to the addition  
of [^HJleucine.
The plotted data points are the mean + SD, n = 3.
The above time course is equivalent to  42-45 h of a standard 48 h cu ltu re .  
Each tissue sample consists of a single embryo or yolk sac.
Table 3.2.3.2.1 Influence of MAA on the incorporation of [^H]leucine into
protein by 11.3 day ra t conceptuses in v itro
Treatment Sample TCA insoluble TCA soluble Fraction
dpm/pg protein dpm/pg protein incorporated
Control Embryo 394 + 145 427 + 4  4 6 + 6
Yolk sac 4 7 4 + 9 4  5 0 1 + 1 6  4 9 + 6
MAA (5 mM) . Embryo 414 _+ 29 272 + 5 1  6 1 + 3
Yolk sac 437 + 6 6  494 + 3 7  4 9 + 3
* * *  *
MAA (10 mM) Embryo 464 + 111 277 18 62 + 6
* *
Yolk sac 4 5 1 + 3 2  3 8 1 + 2 5  5 4 + 2
Results are mean _+ SD, n = 3
Conceptuses were pre -equ il ib ra ted  fo r  1 h, treated fo r  a to ta l  of 6  h
(40-45 of a 48 h cu lture) of which they were exposed to [ JH]leucine fo r  the 
f in a l  4 h (Method 2 .2 .7 .1 .2 ) .
*  S ig n if ic a n t ly  d i f fe r e r n t  from control.
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Fig. 3 .2 .3 .2 .2  Time course.for incorporation of [ ^ l e u c i n e . i n t o ,  protein  
of 1 0 .3 day rat", conceptuses
The above time course is equivalent to 17-24 h of a standard 48 h cu ltu re .
The plotted data points are the mean + SD, n = 3 .
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incorporation into the acid-soluble frac tio n  of the yolk-sac a f te r  a 2  h 
exposure. The e f fe c t  of MAA a t  a higher concentration (10 mM), was also 
analysed over the 8  h incubation period. The results  (Table 3 .2 .3 .2 .3 ) ,  
again show no s ig n if ic a n t  e ffec ts  on incorporation of [^H]leucine by MAA 
treatment of the 10.3 day conceptus. Cycloheximide, the pos itive  control in 
th is  system (an in h ib ito r  of protein synthesis), was tested at concentra­
tions of 10 and 100 pg/ml over the 8  h exposure period. Cycloheximide (100 
Pg/ml), reduced the acid-insoluble  incorporation of the embryo to 6 % of the 
control value, and that of the yolk sac to 5% of the contro l.
3 .2 .3 .3  [ 2 - 1 4 C]Acetate ( [ 1 4 C]acetate)
Culture condiions were as described in Method 2 .2 .7 .1 .3 .  The 
incorporation o f [^ C ]a c e ta te  into acid-soluble and -insolub le  frac tions  of 
the 10.3 day conceptus is shown in Table 3 .2 .3 .3 .  Conceptuses were exposed 
to MAA (10 mM), and [^ C ja c e ta te  fo r  the 8  h incubation period (17-24 h ).
MAA (10 mM) had no e f fe c t  on incorporation of [^ C ]a c e ta te  into e i th e r  ac id -  
soluble or -inso lub le  fra c tio n s .
3 .2 .4  Yo1k .sac.p inocytosis. in the 1 1 .3 .day.r a t .conceptus. i n .v i t ro
For these studies, rabb it  a n t i - ( r a t  yolk sac) antisera was used as a 
positive control. Fig. 3 .2 .4  shows that the uptake of [ ^ I ] P V P  ( 3 9  pCi/mg) 
over the dose range of 0 .5 -2 .0  pCi/m1 was linear  over 1-5 h, and tha t the
rate  of uptake was unaffected by dose of [ * ^ I ]P V P .
Uptake of [ ^ I ] P V P  (1 .0  pC i/m l),  was unaffected by MAA (10 or 20 mM) at
both 2 h and 4 h exposures, but was s ig n i f ic a n t ly  reduced by the pos it ive
control treatment (Table 3 . 2 . 4 ) .  Total yolk sac protein did not vary 
between control and treatment groups. MAA at highly teratogenic doses did 
not a f fe c t  v iscera l yolk sac pinocytosis.
Table 3.2.3.2.3 Effect of MAA on the incorporation of [ 3HJleucine in to
protein by 10.3 day ra t conceptuses in v itro
Treatment 
(n = 3)
TCA insoluble  
(dpm/pg protein)
TCA soluble 
(dpm/pg protein)
Fraction
incorporated
Control E 2861 + 136 773 + 292 79 + 7
Y.S 2979 + 447 896 + 410 78 + 8
MAA
(10 mM)
E
Y.S
3022 + 569 
3066 + 620
709 + 119 
1 1 8 4 + 3 7 8
81 + 1 
71 + 1
Control E 2152 + 398 467 + 75 82 + 4
Y.S 2321 + 805 
* *
1531 + 494 60 + 1
Cycloheximide 
( 1 0  pg/ml) a
E
Y.S
784 + 268 
* *
999 + 199 
* * *
495 + 1 2 0  
863 + 155
60 + 3 
53 + 2
Cycloheximide 
( 1 0 0  pg/ml)
E
Y.S
138 + 5
* *
116 + 2 0
563 + 110 
428 + 112
20 + 3 
22 + 3
Conceptuses were treated fo r  8  h (equivalent to 17-24 h of a 48 h cu ltu re )  
and were exposed to 3 H-leucine for the to ta l  incubation period (Method 
2 . 2 . 7 . 1 . 2 ) .
Each sample consisted o f e i th e r  2 embryos or 2 yolk sacs, resu lts  are 
mean + SD
E = Embryo and Y.S = Yolk sac.
*  S ig n if ic a n t ly  d i f fe re n t  from controls
a Positive control
Table 3.2.3.3 E ffect o f MAA (10 mM) on the incorporation of [ ^C jacetate by
10.3 day ra t conceptuses in v itro  ~
Treatment TCA soluble TCA insoluble Protein Fraction
(n = 3) (dpm/pg protein) (dpm/pg protein) ( pg) incorporated
Control E 748 + 191 2468 + 269 101 + 7 77 + 3
Y.S 736 + 111 2244 + 302 67 + 3 75 + 1
MAA E 622 + 34 2226 + 164 99 + 6 78 + 0
(10 mM)
Y.S 733 + 74 2593 + 703 54 + 4 77 + 4
Conceptuses were treated with MAA fo r  8  h, (equivalent to 17-24 h of a 48 h
cu lture) and were exposed to [ 1 4 C]acetate fo r  the to ta l  incubation (Method 
2 .2 .7 .1 .3 ) .
Each sample consisted of e i th e r  two embryos or two yolk sacs, resu lts  are 
mean + SD.
No s ig n if ic a n t  d ifference between treated  and controls.
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The above time course is equivalent to 40-44 h of a standard 48 h cu ltu re .
Table 3 .2 .4  Pinocytosis of [ ^ I ] P V P  by the v iscera l yolk sac of 11.3 day 
ra t  conceptuses in v i t ro  during a 4 h exposure to MM
Fluid pinocytosed 
( p 1 /mg yolk sac protein)
Treatment 2 h 4 h
Control 3.50 + 0.43 (5) 6 . 0 5 + 1 . 8 2 (5)
MAA (10 mM) 3.82 + 0.85 ( 6 ) 6.37 + 0.67 ( 6 )
MAA (20 mM) 4.03 + 0.49 ( 6 ) 5.90 + 1.21 (5)
Control 3.98 + 0.73 (9) 7.77 + 1.28 (9)
* * *
Antibody 2.48 + 0.17 (4) 3.53 + 0.76 (4)
(50 p i/m l)
Conceptuses were exposed to treatment and [ *^ I ]P V P  ( i . o  pC i/m l) fo r  e i th e r  
2 or 4 h, (equivalent to 40-43 h of a standard 48 h cu ltu re , Method 2 .2 .9 ) .
Results are mean + SD, ( ) = n.
*  S ig n if ic a n t ly  d i f fe re n t  from control.
3 .2 .5  Glycolytic.conversion of.glucose to . la c ta te
The pos itive  control in th is  system was iodoacetate, an in h ib ito r  of 
the g lyco ly t ic  enzyme phosphoglyceraldehyde dehydrogenase and a known 
teratogen.
The amount of [^C jg lucose u t i l is e d  and lacta te  produced by 10.3 day 
conceptuses is shown in Table 3 .2 .5 .  Conceptuses u t i l is e d  about 800 pmol/pg 
protein /h  and produced from i t  about 1300 pmol lactate /pg prote in /h  which is 
about 79% conversion. Exposure of conceptuses to iodoacetate (0 .1  mM) 
resulted in a 90% in h ib it io n  o f lac ta te  production. I t  also s ig n i f ic a n t ly  
reduced the protein content of embryos. MAA (5 mM), however, had no 
s ig n if ican t  e f fe c t  on e ith e r  glucose u t i l is a t io n  or lac ta te  production, nor 
on to ta l  protein content. MAA does not produce a teratogenic response via  
an i n i t i a l  e f fe c t  on the g lyco ly t ic  pathway.
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3.3 Studies on the uptake and d is tr ib u tio n  of [1-^C]MAA in ra t whole
embryo culture
3 .3 .1  P u rif ic a t io n  of M e th o xy [l-^ C jace tic  acid 
M eth o xy[l-^ C ]ace tic  acid ([1-^C]MAA) was synthesised on s i te  by
Dr. D. E. G. Shuker (Method 2 .2 .4 .1 ) .  The product had a spec if ic  a c t iv i t y  
of 2.5 mCi/mmol and a radiochemical p u rity  o f 94%. Because the chemistry of 
the contaminant was unknown, a p u r i f ic a t io n  of the [1-^C]MAA, p r io r  to i ts  
use in whole embryo culture was attempted by HPLC, (Method 2 .2 .4 .2 ) .
Fig. 3 .3 .1  shows the resu ltant radiochromatograms before and a f te r  
p u r if ic a t io n  of the [1-^]MAA. The impurity (peak 1) is seen to decrease 
from 4.1% to 2.2% and correspondingly the MAA peak increases from 94% to 
96.5%.
The p u r if ied  [1-^C]MAA was u t i l is e d  in a l l  subsequent d is t r ib u t io n ,  
f rac tiona tion  and metabolism experiments.
3 .3 .2  Comparison of.[1-^C]M AA d is tr ib u t io n  in 9.5 day ra t  conceptuses, 
exposed to radio label fo r  e i t h e r .4 or 48 h in v i t ro
Conceptuses were cultured as in Methods 2 .2 .3 .2 .  They were treated  
with MAA (3 mM) fo r  the 48 h period, and exposed to [1-^C]MAA (2 .5  mCi/mmol, 
0.25 pCi/ml) fo r  e ith e r  the f u l l  48 h cu lture  period, or fo r  the f in a l  4 h 
( ie .  44-48 h ). Conceptuses were dissected and tissue samples analysed as in 
Method 2 .2 .5 .2 .  A comparison of the d is tr ib u t io n  throughout these two time 
periods is shown in Table 3 .3 .2 .  The resu lts  show that the e q u il ib ra t io n  of 
[1-^C]MAA throughout the conceptus is very rap id . The d is tr ib u t io n  of 
[1-^C]MAA was s im ila r  in conceptuses exposed to [1-^C]MAA fo r  both 4 h and 
48 h.
3 .3 .3  Time course of [1-^CjMAA d is tr ib u t io n  into 11.3 day ra t  conceptuses 
in v i t ro
Conceptuses were cultured as in Methods 2 .2 .5 .1 .  The aim of th is  
experiment was to determine how rap id ly  the d is tr ib u t io n  of MAA is
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Table 3.3.2 Uptake and d is tr ib u tio n  of L1-^C]MAA by the ra t conceptus in
v itro
_________________ MAA concentration ____________________
Exposure
period to Embryo Yolk sac Exocoelomic f lu id
[1 -  C]MAA (nmol/embryo) (nmol/yolk sac) (mM)
0-48 h 19.40 + 5.28 2.89 + 1.14 3.77 + 0.61
(n = 3)
44-48 h 1 6 .6 5 + 4 .9 8  1 . 4 0 + 0 . 7 9  3 . 5 0 + 0 . 9 8
(n = 6 )
Conceptuses (9 .5  day) were cultured fo r  48 h in the presence of 3 mM MAA, 
and were exposed to [ 1 - 1 4 C]MAA (2 .5  mCi/mmol, 0.25 pC i/m l),  as above.
Conceptuses were dissected and tissue samples analysed as in Method 2 .2 .5 .2 .
Results are means + SD.
No s ig n if ic a n t  d ifference between exposure periods.
equ il ib ra ted  throughout the 11.3 day ra t  conceptus. Conceptuses were 
dissected and tissue samples analysed as in Method 2 .2 .5 .2 .
Within 20 minutes o f  exposure, the embryo and yolk sac had reached 
th e ir  e q u il ib ra t io n  values (Table 3 .3 .3 ) ,  with the exocoelomic f lu id  
compartment reaching eq u il ib ra t io n  w ithin 40 minutes. The concentration of 
MAA within the exocoelomic f lu id  was 1 .7 -1 .9  times that of MAA in the 
external media (3 mM). From these re s u lts ,  a 1 h incubation period was used 
in a l l  subsequent experiments with 11.3 day ra t  conceptuses.
3 .3 .4  E ffec t of MAA concentration on i ts  d is tr ib u t io n  throughout the 11.3
day ra t  conceptus in v i t ro
Conceptuses were cultured as in Methods 2 .2 .5 .1 ,  and were exposed to 
[1-^C]MAA (2 .5  mCi/mmol, 0.25 pC i/m l),  fo r  a 1 h incubation. F ig. 3 .3 .4  
shows that the d is tr ib u t io n  of [1-^C]MAA into the embryo, yolk sac and 
exocoelomic f lu id  was linear  over the dose range of 0.5 mM to 5.0 mM MAA.
The d is tr ib u t io n  of [1-^C]MAA throughout the conceptus is compatible with  
simple d if fu s io n , as there is no ind ication  of e ith e r  a threshold or 
saturation concentration.
3 .3 .5  Influence of protein binding o n .d is tr ib u tio n  of 0.5 mM MAA into the
11.3 day .ra t conceptus in v i t ro
In a l l  previous d is tr ib u t io n  experiments standard media fo r  whole
embryo culture has been used ie .  75% serum /25% MEM. The a v a i l a b i l i t y  of 
MAA in the cu lture  medium would be decreased i f  i t  were bound by medium 
components. The uptake and d is tr ib u t io n  would be dependent on the free  
concentration of MAA. This experiment compares d is tr ib u t io n  of [1-^C]MAA  
in normal media to  a serum-free media of 100% MEM.
The serum-free media was gassed as described in Method 2 .2 .5 .1  fo r  
normal media. Conceptuses (11.3 day) can be maintained in serum-free media 
for at least 4 h with continued growth and vigorous heart beat and yolk-sac  
c irc u la t io n .  Results are shown in Table 3 .3 .5 .1 .  The presence of protein
Table 3.3.3 Time course of [1-^C]MAA d is tr ib u tio n  into 11.3 day ra t
conceptuses in v itro
MAA concentration
Time Exocoelomic Fluid Embryo Yolk sac
(mins) (mM) (pmol/pg protein) (pmol/pg protein)
1 0 3 . 7 2 + 0 . 3 96.4 + 17.2 22.4 + 13.0
2 0 4 . 7 3 + 0 . 1 4 1 8 9 .3 + 2 0 .8 30.1 + 4 .7
40 5 . 1 1 + 0 . 1 1 178.6 + 14.3 3 4 .1 +  7.7
60 5.94 + 1.33 190.4 + 14.7 36.5 + 11.7
Results are mean _+SD (n = 4 ) .
Conceptuses were cultured as in Method 2 .2 .5 .1 ,  conceptuses were dissected 
and analysed as in Method 2 .2 .5 .2 .  The media used was 75% serum/25% MEM, 
and the methoxyacetate concentration was 3 mM.
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Fig. 3 .3 .4  E f fe c t .o f  MAA concentration on i ts  d is tr ib u t io n  throughout the
1 1 .3 .day.ra t  .conceptus in'. v i t ro  ~
Conceptuses were cultured as in Method 2 .2 .5 .1  and were exposed to [ 1 - ^ C ] -
MAA fo r  a 1 h incubation. Tissue samples were analysed as in Method
2 .2 .5 .2 .  The data points are the mean + SD, n = 4.
Table 3.3.5.1 Influence of serum in the medium on d is tr ib u tio n  of L l- ^C ]
MAA into 11.3 day conceptuses in v itro
MAA concentration
Media
Exocoelomic Fluid  
(mM)
Embryo
(pmol/pg protein)
Yolk sac
(pmol/pg protein
75% Serum/ 
25% MEM
1 , 1 7 + 0 . 1 3 19.21 + 2.07 3 . 9 0 + 0 . 6 1
100% MEM 1 . 2 4 + 0 . 5 9 17.20 + 1.19 5.71 + 1.64
Results are mean + SD (n = 4 ) .
Conceptuses were cultured as in Method 2 .2 .5 .1 .  Cultures were terminated  
and tissue samples analysed as in Method 2 .2 .5 .2 .  The incubation period was 
1 h, and the methoxyacetate concentration was 0.5 mM.
No s ig n if ic a n t  d ifference between media.
in the medium had no e ffec t on the d is tr ib u tio n  of [1-^C]MAA throughout the
11.3 day ra t conceptus.
The absence of binding of MAA to serum protein in the cu lture  medium 
was confirmed using the m icropartit ion  system (Method 2 .2 .1 1 .4 ) .  The 
results  of measurements on three solutions of MAA (0 .5 ,  3.0 and 5 .0  mM), in 
75% serum/ 25% MEM are shown in Table 3 .3 .5 .2 .  In each solution the free  . 
MAA concentration was s l ig h t ly  greater than 100%.
3 .3 .6  Influence of medium pH on the d is tr ib u t io n  of [1-^C]MAA into the
11.3 day ra t  conceptus in v i t ro  
Weak acids cross membranes in the un-ionised form, and w i l l  accumulate 
in an environment which is a lk a l in e .  The embryonic compartment is thought 
to have an in terna l pH of 7 .6 -7 .7  ie .  r e la t iv e ly  a lka l in e  compared to the 
media pH of 7.5 (Nau and Scott, 1986). An e a r l ie r  experiment (3 .3 .3 )  showed 
the MAA concentration in the exocoelomic f lu id  to be 1 .7 -1 .9  times the 
concentration in the external media. I t  is possible tha t the pH gradient  
between medium and conceptus is responsible fo r  the observed accumulation of 
MAA in the la t t e r .  To examine th is  hypothesis, MAA d is tr ib u t io n  was 
determined at d i f fe re n t  media pH values.
Conceptuses were cultured as in Methods 2 .2 .5 .1 ,  and using 100% MEM 
(bicarbonate buffered), the pH was a lte red  to e ith e r  a lka l in e  or ac id ic  by 
using NaOH or HC1. The pH of the adjusted media (8 .2  and 7 .2 )  may have 
d r i f te d  towards 7.5 during the course of the experiment. The actual pH 
values cannot therefore be guaranteed.
The variations in tissue and f lu id  MAA concentrations at d i f fe re n t  
media pH, are as predicted (Table 3 .3 .6 ) .  Increasing the pH d ifference  
between medium and exocoelomic f lu id  ( i e .  a more acidic media) increases the 
MAA content of the embryo, yolk-sac and exocoelomic f lu id ,  and vice versa.
The ra t io  of MAA between the exocoelomic f lu id  and the media (IN/OUT, Table 
3 .3 .6 ) ,  r ises to 2.47 in the acid ic  media.
Table 3.3.5.2 Protein binding o f [1-^C]MAA in medium containing 75% serum
MAA concentration (mM) Percentage recovery Percentage free
100 + 2  105
1 0 0  + 1 108
1 0 1  108
( ) = n
The percentage of f re e  MAA in the media was calculated as follows:
Percentage free  = dpm/100 pi f i t r a t e
dpm/iOOpi i n i t i a l  media
Protein binding studies were as in Method 2 .2 .5 .2 .
0.5 (3) 
3 (3)
5 (2)
Table 3.3.6 Influence of media pH on the d is tr ib u tio n  of [1-^C]MAA into
11.3 day ra t conceptuses in v itro
MAA concentration
Media
(pH)
Embryo
(pmol/pg
protein)
Yolk sac 
(pmol/pg 
protein)
Exocoelomic 
f lu id  (mM)
Ratio
In/Out
'A lka line '
( 8 . 2 )
75.03 + 9.74 21.73 + 4.55 3.18 + 0.08 1 . 0 1  + 0.07
Normal
(7 .5 )
1 3 8 .0 0 + 8 .8 0 34.33 + 3.29 4.70 + 0.25 i .57 + 0.08
'Acid'
(7 .2 )
216.80 + 10.70 59.30 + 23.70 7.40 + 0.22 2.47 + 0.07
Results are mean + SD, n = 4.
Conceptuses were cultured as in Method 2 .2 .5 .1 .  Cultures were terminated  
and tissue samples analysed as in Method 2 .2 .5 .2 .  The medium used was 100% 
MEM. The incubation period was 1 h and the methoxyacetate concentration was 
3 mM.
In an attempt to avoid the d i f f i c u l t i e s  associated with bicarbonate 
buffered media, a d is tr ib u t io n  experiment was performed using MEM with 20 mM 
Hepes b u ffe r ,  without bicarbonate or CO2  eq u il ib ra t io n  (data not shown). 
However, conceptuses were not viable at the end of the incubation period. 
Heart beat and yolk-sac c ircu la t io n  had ceased and viscera l yolk-sac surface 
morphology was abnormal. I t  is not c lear i f  th is  was due to a tox ic  action  
of Hepes or due to the lack of bicarbonate and CO2  e q u il ib ra t io n .
3.4 Metabolism.of [1-^C]MAA by ra t  conceptuses in whole embryo cu lture  
The purpose of the following experiments was to determine whether MAA 
is fu r th e r  metabolised by conceptuses and e ith e r:
a) Incorporated into macromolecular components or
b) whether free  metabolites e x is t .
3 .4 .1  Incorporation of .[l-^C ]M AA into macromolecular components of the 
conceptus
Conceptuses were cultured fo r  48 h (Method 2 .2 .6 .1 )  in the presence of 
[1-^C]MAA (2 .5  mCi/mmol, 1 pC i/m l) .  Tissue samples (embryos, yolk sacs or 
exocoelomic f l u i d ) ,  from 8  conceptuses were then pooled (Method 2 . 2 . 6 . 2 ) ,  
and fractionated  as in Method 2 . 2 . 6 .3 .
To avoid error due to l im ita t ions  of the frac tio n a tio n  procedure (which 
might resu lt  in residual counts in certa in  f ra c t io n s ) ,  control samples were 
analysed in the same way. Controls consisted of pooled tissue from eight
11.5 day conceptuses which were homogenised, followed by addition of an 
aliquot of [1-^C]MAA, and were then fractionated  by the above method.
Incorporation of radio label into PCA soluble, l ip id ,  RNA, DNA, or 
protein frac tions  is shown in Table 3 .4 .1 .  The resu lts  were unable to  
distinguish from background any incorporation into the various f ra c t io n s .
A ll the ra d io a c t iv i ty  was recovered in the acid soluble phase fo r  each 
t issue. I f  MAA was metabolised by the conceptuses, i t  had not been
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incorporated into macromolecular components, but could ex is t as free  
metabolites in the acid-soluble phase.
3 .4 .2  HPLC analysis fo r  free  metabolites o f [1-^C]MAA, in the acid 
soluble phase of embryonic tissue
The acid soluble phase obtained from the tissue frac tio n a tio n  procedure 
in Section 3 .4 .1  ( ie .  embryo, yolk-sac and exocoelomic f lu id )  was analysed 
by HPLC (Method 2 . 2 . 6 . 4 ) .  Histograms of ra d io a c t iv i ty  in the e luate are 
shown in Fig. 3 .4 .2 .1  - 3 .4 .2 .3 .  The MAA peak can be seen between fractions  
15-20, and a peak which corresponds to the impurity (peak 1, shown e a r l ie r )  
is seen between fractions 10-14. In each f ig u re ,  the experimental sample is 
plotted alongside the contro l. In the case of each t issue, the treated  
sample shows a s ig n if ic a n t  increase in peak 1 , compared to the corresponding 
control. Results are summarised in Table 3 .4 .2 .
Control values fo r  peak 1 vary from about 3% fo r  the embryo and yo lk -  
sac to 3.6% fo r  the exocoelomic f lu id .  In comparison, however, the treated  
values fo r  peak 1 are s ig n if ic a n t ly  higher ie .  11.7% fo r  the embryo, 17.6% 
fo r  the yolk-sac and 8.4% fo r  the ex. f lu id .  Peak 2 (MAA), has
correspondingly decreased in the treated samples.
3 .4 .3  Id e n t i f ic a t io n  of peak 1 (m etabolite /im purity ) from the acid soluble
phase of embryonic t issue, cultured fo r  48 h in the presence of MAA
(1 .2  mM)
Bromoacetate was used in the synthesis of [1-^C]MAA and could possibly  
be present as an impurity, whereas g lyco lic  acid and methoxyacetylglycine 
represent possible metabolites of MAA. Standard solutions of a l l  o f these 
compounds were separated by HPLC (Method 2 . 2 . 6 .4 ) and th e ir  absorbance 
traces are shown in Fig. 3 .4 .3 .1 .  Methoxyacetylglycine was ava ilab le  in a 
rad io labelled  form, the histogram fo r  the separation of th is  is shown in 
Fig. 3 .4 .3 .2 .
From Fig. 3 .4 .3 .1  i t  can be seen that bromoacetate is separated at
Fig. 3 .4 .2 .1 ,  3 .4 .2 .2  HPLC radiochromatograms of .[1-^C]MAA
and 3 .4 .2 .3  metabo 1 ites  in embryon1c . t  issue samp Ies
Peak 1 = U n identif ied /im purity /m etabo lite  
Peak 2 = MAA
Fig. 3 .4 .2 .1  Embryo
a) Control (3060 dpm applied to column)
b) Treated (5212 dpm applied to column)
Fig. 3 .4 .2 .2  Yolk sacs
a) Control (3350 dpm applied to column)
b) Treated (763 dpm applied to column)
Fig. 3 .4 .2 .3  Exocoelomic.fluid
a) Control (3786 dpm applied to column)
b) Treated (9247 dpm applied to column)
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Table 3 .4 .2  Summary of HPLC radiochromatograms fo r  free  metabolites of 
[ 1 - 1 4 C]MAA
Treatment Tissue
sample
Percentage of to ta l  ra d io a c t iv i ty  
recovered
Peak 1 Peak 2
None
(Contro l)
Ex. F luid  
Embryo 
Yolk sac
3.6 + 1.9 
3.1 + 0.9  
3.0  + 0.9
95.2 + 3.2
96.3 + 1.0 
95.2 + 3.3
MAA ( 1 . 2mM) Ex. Fluid  
Embryo 
Yolk sac
8.4  + 2.4  
* *
11.7 + 2.7  
17.6 + 2 . 6
91.4 + 2.3  
* *
86.2 + 2.9  
78.6 + 2.4
Results are mean + SD (n = 3 or 4 ) ,  expressed as ra d io a c t iv i ty  recovered in 
peak as a percentage of to ta l  ra d io a c t iv i ty  recovered.
Peak 1 = Impurity/metabolite
Peak 2 = MAA
*  S ig n if ic a n t ly  d i f fe re n t  from corresponding contro l.
HPLC analysis of free  metabolites was as in Method 2 .2 .6 .4
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Fig. 3 .4 .3 .1  Absorbance (214 nm) traces fo r  the separation of methoxy- 
acet i c aci d, g fycoT i c ac id and bromoacetate by .'HPLC
Standard solutions were separated by HPLC (Method 2 . 2 . 6 . 4 ) .  The re ten tion  
times were as follows:
Solvent front 1.6 min, g lyco lic  acid (15 p i ,  10 mg/ml) 1.9 min, MAA (25 p i ,  
10 mg/ml) 3.2 min, bromoacetate (10 p i ,  15.8 mg/ml) 3.7 min.
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Fig. 3 .4 .3 .2  HPLC radiochromatogram of m ethoxyacety][l-1 4 C]glycine  
( 0 . 7 pCi/mmo I) :
Methoxyacety1[l-14C]glycine peaks at f ra c t io n  20, ie .  a f te r  MAA which peaks 
at fra c t io n  16.
3.7 min ie .  a f te r  MAA at 3.2 min. G lycolic acid, however is separated at 
1.9 min which corresponds to f ra c tio n  10 (peak 1). I t  must also be noted 
tha t th is  compound and peak 1 are running extremely close to the solvent 
fron t ( 1 . 6  min), and separation at th is  point could be quite poor. 
Methoxyacetylglycine (F ig . 3 .4 .3 .2 )  peaks at f ra c tio n  20, ie .  a f te r  MAA 
which peaks at 16.
To summarise, peak 1 is not bromoacetate nor methoxyacetylglycine but 
i t  could be g lyco lic  acid. Because of the close proximity of peak 1 to the 
solvent f ro n t ,  i t  indicates that the impurity/m etabolite has a short carbon 
chain length ( is  not very l ip o p h i l ic ) ,  and/or is very polar.
3 .4 .4  HPLC of media containing [1-^C]MAA
The aims of th is  experiment were: a) To determine whether the increase
seen in peak 1 in the acid soluble phase of embryonic t issue , could be due
to deterio ra tion  of the [1-^C]MAA upon incubation at 37°C fo r  48 h in 75%
serum, b) To determine whether any d ifference is seen in media containing  
[1-^C]MAA incubated fo r  48 h, at 37°C, in the presence or absence of 
conceptuses.
Two samples were taken fo r  HPLC analysis of [1-^C]MAA m etabolites, or 
breakdown products:
1) Media (75% serum/25% MEM), from a 48 h incubation of embryos in the
presence of 1.2 mM MAA (0.25 pC i/m l).
2) Media (75% serum/25% MEM), from a 48 h incubation in the presence of
1.2 mM MAA (0.25 pCi/ml) in the absence of conceptuses.
The above samples were prepared fo r  analysis as in Methods 2 . 2 . 6 .4 .
The resu lt ing  radiochromatograms are summarised in Table 3 .4 .4 .  The resu lts  
show that the increase in peak 1 seen previously in the acid-soluble  phase 
of embryonic t issue , was not due to deterioration  of the [1-^C]MAA, as 
sample 2 was not d iss im ila r  to the p u r if ie d  labe l.  S im ila r ly  the presence 
of conceptuses in the medium did not change the resu lt ing  p r o f i le  as shown
Table 3.4.4 Summary of HPLC of media containing [1 - *4C]MAA
Percentage of to ta l  ra d io a c t iv i ty  
recovered
Sample Number Peak 1 Peak 2
48 h Media 1 2 .7  97.0
(with embryos)
48 h Media 2 2.9 96.7
(no embryos)
Purif ied  label '2.2 96.5
( [ 1 - 1 4 C]MAA)
Samples were prepared and analysed by HPLC as in Method 2 . 2 . 6 .4 .
Results are expressed as ra d io a c t iv i ty  in peak as a percentage of to ta l  
ra d io a c t iv i ty  recovered.
Peak 1 = Impurity/metabolite
Peak 2 = MAA
by sample 1 .
However, i f  peak 1 were being produced as a metabolite of [ 1 - * 4 C]MAA by 
conceptuses, i ts  apparent absence in the media may be explained by the large 
d ilu t io n  fa c to r .  The volume of a conceptus is about 30 p i ,  yet the to ta l  
volume of media is 4 ml. Any metabolite which may be produced by the 
conceptus would be d ilu ted  about 133 fo ld  on secretion into the media. This 
large d i lu t io n  fac to r  would probably render i t  undetectable in the media by 
th is  system.
4.0 Discussion
4.1 S tru c tu re -a c t iv ity  re lationships in ra t  whole embryo culture  
The results  of the present studies of the s t ru c tu re -a c t iv i ty
relationships confirm, and considerably extend the observations of Yonemoto 
. i i *  (1984). MAA is dysmorphogenic and growth retarding towards ra t  
conceptuses in cu ltu re , and these properties are shared by other alkoxy 
acids, and s tructura l analogues. For the alkoxy acids, the s tructure -  
a c t iv i t y  re lationships are as follows: MAA and EAA are c le a r ly  the most 
embryotoxic, and of th is  pair  the methoxy deriva t ive  is most potent, PAA 
and BAA are less e f fe c t iv e .  MAA is much more embryotoxic than MPA or 
MBA, the last two compounds probably being the least e f fe c t iv e  (Table
3 .1 .1 .1  and 3 .1 .1 .2 ) .  These results  are very s im ila r  to those seen in vivo 
with the parent glycol ethers ie .  2 -methoxyethanol and 2 -ethoxyethanol are 
teratogenic (Nagano et a l • 1981; Andrew and Hardin, 1984; Doe, 1984; Hanley 
et a l .  1984a, 1984b; Horton et ail. 1985a), the metabolites being MAA and 
EAA. Whereas 2-propoxyethanol and 2-butoxyethanol are in e f fe c t iv e  as 
teratogens in vivo (Hardin et al_. 1984; Nelson et cH* 1984b; Tyl et a l .  
1984; Krasavage and Katz, 1985) the metabolites assumed to be PAA and BAA 
respective ly .
The a c t iv i t y  spectrum of monoethers of ethylene glycol fo r  the tes tes ,  
seems analogous to  tha t fo r  the conceptus. 2-Methoxyethanol and 2- 
ethoxyethanol but not 2 -butoxyethanol cause te s t ic u la r  damage and in h ib i t  
spermatogenesis (Samuels et a h  1984). Furthermore the te s t ic u la r  t o x ic i t y  
of 2 -methoxyethanol and 2 -ethoxyethanol in vivo is contingent upon the 
oxidation of the primary alcohols to the alkoxy acetic acids (Foster e t  a l .  
1983; Moss et cH. 1985), or perhaps alkoxyacetaldehydes (Foster e t  a l .
1986). In the te s t is  of adult ra ts  and in mixed cultures of s e r to l i  and 
germ ce lls  from the te s t is  of immature ra ts ,  however, PAA and BAA in 
contrast with MAA and EAA do not cause degeneration of pachytene and
divid ing spermatocytes (Foster et 1985; Gray et . 1985). I t  appears 
therefore that both the te s t ic u la r  to x ic i t y  and te ra to g en ic ity  of the alkoxy 
acids, are dependent upon the chain length of the alkoxy moiety.
Tests with various carboxylic acid analogues of MAA in whole embryo 
culture (Table 3 .1 .2 .1  and 3 .1 .2 .2 ) ,  show that substitu tion  of the oxygen 
atom of the methoxy group with sulphur (m ethy lth ioacetate ), increased the 
effectiveness by approximately two fo ld ;  whereas a s im ilar  substitu tion  with 
-NH- (sarcosine) renders the compound inactive  (Table 4 .1 ) .
The carboxyl group also seems to be a p rerequ is ite  fo r  potency, since 
neither the amide (methoxyacetamide) nor the glycine conjugate 
(methoxyacetylglycine) is teratogenic. The la t te r  compound is produced as a 
metabolite of MAA in the ra t  (Moss e t a h  1985) and yet is neither tox ic  to  
serto li-germ  c e l l  cultures (Gray et a_[. 1985), nor the conceptus. In vivo 
sarcosine is produced by the oxidative demethylation of dimethylglycine, and 
fu rthe r  oxidative demethylation of sarcosine produces glycine. The enzyme 
catalysing the la t te r  conversion (sarcosine dehydrogenase) has been shown to  
be susceptible to competitive in h ib it io n  by MAA (F r is e l l  and Mackenzie,
1955; Porter et 1985). I f  MAA action in the conceptus s im ila r ly  
inh ib ited  th is  pathway, a possible build up of sarcosine may develop. The 
absence of teratogenic action by sarcosine in the culture system, however, 
indicates that the teratogenic response is not due to the accumulation of  
sarcosine. In serto li-germ  c e l l  cu ltures , sarcosine is also in e f fe c t iv e  
(Moss e t 1987), whereas methylthioacetate is more e f fe c t iv e  than MAA 
(Moss et a l .  personal communication) in accordance with te ra to g e n ic ity  
(Tables 3 .1 .2 .1  and 3 .1 .2 .2 ) .
A s im ila r  study in th is  laboratory has examined the te ra to g e n ic ity  of  
various other short chain carboxylic acids (SCCA) in whole embryo cu lture  
(Brown et a l .  1987). For the unsubstituted, s tra ig h t chain SCCA, potency 
increased as the carbon chain lengthened to four and then decreased with
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fu rthe r  lengthening. Thus, butyric  acid was the most potent.
In te re s t in g ly ,  butyrate is another structural-analogue of MAA (the -0 -  group 
being substituted by -CH£-) but is approximately four fo ld  more potent. In 
vivo, butyrate is l ik e ly  to be metabolised by f a t t y  acid oxidation and 
therefore rap id ly  cleared from the plasma, in contrast MAA has a r e la t iv e ly  
long h a l f - l i f e  (20 h) in plasma (Moss et a l . 1985).
Butyramide and valpromide (amide derivatives of butyric  acid and 
valproic acid) have also been studied in whole embryo culture (C larke, 
unpublished), and l ik e  methoxyacetamide are also in e f fe c t iv e .
The teratogenic potency o f these compounds, however, is not purely  
dependent on chain length: Although fo r  both the alkoxy acids (Section
3 .1 .1 ;  Rawlings et a/h 1985) and the short chain carboxylic acids (Brown et 
a l . 1987) a backbone chain of 4 carbon atoms gives the most potent 
teratogenic response, other substitutions ( s t i l l  having a chain length of 4 
atoms) give very d if fe re n t  a c t iv i t ie s  (Table 4 .1 ) .  For example, 
methylthioacetate, sarcosine, methoxyacetamide and methoxyacetate show 
dramatic differences in teratogenic potency. There is also no corre la t ion  
between a c t iv i t y  and the pKa o f the compounds (Table 4 .1 ,  Rawlings e t a l .  
1985). Two pairs of s t ru c tu ra l ly  isomeric compounds EAA/MPA and PAA/ MBA, 
which d i f f e r  only in the position of the ether linkage are of p a r t ic u la r  
in te re s t .  EAA is more embryotoxic than MPA and also has a lower pKa value 
(3 .36 c f .  4 .46 , Fasman, 1976). However, there is a s im ila r  d ifference  
between the pka of PAA (3 .65) and MBA (4 .68) with l i t t l e  d ifference in 
overa ll a c t iv i t y .  S im ila r ly  methylthioacetate is more embryotoxic than MAA 
(approximately 2 fo ld ) ,  yet has a higher pka value (3.72 c f .  3 .53 , Fasman, 
1976). There also appears to be no corre la t ion  between l ip o p h i l i c i t y  (see 
p a r t i t io n  c o e f f ic ie n t ,  Table 4 .1 )  and teratogenic action of these compounds. 
Two of the alkoxy acids, MAA and PAA also have been studied in v iv o . The 
results  of these whole animal studies (Table 3 .1 .4 ) ,  are in good agreement
with the in v i t r o  data reported in th is  Section, MAA being fa r  more
embryotoxic than PAA. PAA has not previously been studied in vivo but the
parent glycol ether ( 2 -propoxyethanol) has been found to be without
teratogenic a c t iv i t y  (Krasavage and Katz, 1985).
Whilst the present study has contributed to the understanding of the
structura l requirements fo r  a c t iv i t y  o f the alkoxy acids, the mechanism of
action remains obscure. I t  is c le a r ,  however, that there is no simple
re la tionsh ip  with primary physico-chemical properties of the acids, such as
pka or l ip o p h i l ic i t y  (Table 4 .1 ) .  I t  seems that the i n i t i a l  in te rac tion  of
these compounds w ith in  the c e l l  is with a "receptor" (using the term in i ts
broadest sense to mean a ta rge t  molecule, fo r  example an enzyme, s tructu ra l
protein , or membrane component) with s tructura l preferences tha t include a
chain length of 4 and a free  carboxyl group. The presence and position
of the ether linkage are equally important, since substitu tion  with -NH-
(sarcosine) abolishes a c t iv i t y  whereas -S- or (methylthioacetate or
butyrate) enhances i t .  I t  is possible tha t  these substitutions and the
position of the ether linkage e ffec ts  the shape of the molecule, and thus
produce a conformation which e ith e r  enhances or worsens the f i t  o f the
molecule w ithin the "receptor". There is no corre la t ion  of the a b i l i t y  of
the sustitu ted group to donate electrons ( -S -  > -0 -  > -CHg-) with a c t iv i t y .
However, one p o s s ib i l i ty  fo r  the in a c t iv i ty  of sarcosine, is that i t  can
become prot~onated in water (-NH2 +- ) ,  and thus would be the only molecule in
the series with a charge at th is  position . This charge might in h ib i t  an
c
interaction at the "receptor" s i te .
A ll of these compounds both in th is  study (Section 3 .1 ,  Rawlings e t a l .
1985) and that of Brown et a±. (1987), though d i f fe r in g  in potency, do
induce very s im ila r  malformations. This is suggestive of a common mechanism 
of action, although the types of malformations induced are very 'general' in 
'nature ( ie .  may be r e f le c t iv e  of the in t r in s ic  s u s c e p t ib i l i ty  o f primordia
to a general embryonic in s u lt) .
4.2 Possible.mechanisms of MAA action in ra t whole embryo culture
The aim of th is  section was to t r y  and id e n t i fy  the embryonic s i te (s )  
of biochemical action of MAA, and to characterise the i n i t i a l  biochemical 
response(s). The embryo culture model system was used for the following  
reasons.
1) MAA has a d ire c t  e f fe c t  on the developing embryo in cu ltu re , therefore  
f a c i l i t a t in g  biochemical and rad io tracer studies in the absence of maternal 
influences.
2) Both exposure and response are more reproducible in th is  system compared 
to Jn_ utero.
In the design of biochemical studies i t  is important to avoid 
measurements on grossly defective embryos which may lead to a r t i fa c tu a l  
biochemical abnormalities. S im ila r ly ,  timing is important in re la t io n  to 
exposure, so that observed e ffec ts  are re s tr ic te d  to i n i t i a l  responses.
From the results  of prelim inary studies in v i t ro  i t  seems that conceptuses 
are most susceptible to insu lt  by MAA (5 mM) over the 17-28 h period of a 
48 h cu lture (Table 3 .2 .1 ) .  In  fac t  i f  the exposure period is reduced to  8  h
(17-24h, day 10), s ig n if ic a n t  reductions in growth are s t i l l  observed at
48 h (Table 3 .2 .2 ) .
Most of the biochemical studies, therefore have been made e ith e r  over 
an 8  h incubation period (day 1 0 ) ,  or over shorter incubation periods on both
day 10 and 11 (embryonic age) (Section 3 .2 ) .
Since MAA is both growth retard ing , and appears to be capable of 
effec ting  most organs of the conceptus, studies on general processes 
required fo r  a l l  c e l l  types were encouraged. For example, DNA and protein  
synthesis, acetate metabolism, glycolysis and yolk-sac pinocytosis.
In the present studies on the e ffe c ts  of MAA on DNA synthesis,
hydroxyurea has been used as a pos itive  control. This compound, a cancer 
chemotherapeutic agent, exh ib its  a high propensity for a wide v a r ie ty  of 
teratogenic e ffec ts  in several species (Schardein, 1976). I t  in te rfe res  
with the conversion of ribonucleotides to deoxyribonucleotides, apparently  
at the level of ribonucleotide reductase (Krakoff et jH .  1968; Moore, 1969) 
and has been shown to depress DNA synthesis in the embryo (Rajewsky et a l .
1971; Scott et £1^ 1971).
MAA (10 and 20 mM) does not in h ib it  incorporation of [^Hjthymidine into  
DNA of e ith e r  11.3 day or 10.3 day embryos or yolk-sacs (Tables 3 .2 .3 .1 .1  
and 3 .2 .3 .1 .2 ) .  Hydroxyurea, (200 pg/ml) however, has profound e ffe c ts  on 
DNA synthesis ( f ra c t io n a l  incorporation is inh ib ited  by 92-96%, Table 
3 .2 .3 .1 .1 )
From the re s u lts ,  i t  is apparent also tha t the content of the [^H] 
label in the TCA-soluble fra c tio n  from the hydroxyurea conceptuses, is 2 to  
4 fo ld  (1 to 2 h) higher than that in the corresponding contro l. These 
observations are in agreement with previous studies by Kochhar (1975) and 
Runner (1972). In other systems, hydroxyurea produces no reduction in 
thymidine kinase or thymidylate kinase (Young and Hodas, 1964). Gelbard et 
a l . (1969), have reported tha t thymidine kinase and d^CMP deaminase are 
raised a f te r  hydroxyurea treatment o f Hela c e l ls .  Therefore a small amount 
of TTP is ava ilab le  from exogenous [^Hjthymidine but is not incorporated  
into DNA and shows up in the acid-soluble f ra c t io n .  The lack of other 
deoxyribonucleotides due to hydroxyurea in h ib it io n  of ribonucleotide  
reductase makes i t  impossible fo r  DNA synthesis to continue.
The absence of any e f fe c t  of MAA on DNA synthesis in both 10.3 day and
11.3 day conceptuses, indicates that MAA does not exert an i n i t i a l  in su lt  on 
th is  biosynthetic process.
Cycloheximide, the pos itive  control in studies on the e ffe c ts  of MAA on 
protein synthesis, d i f f e r e n t ia l l y  in h ib its  the tra n s la tio n  of m^RNA's, which
have a high tra n s la t io n a l e f f ic ie n c y  (David, 1976, Jen et jH .  1978).
MAA (5 and 10 mM) had no e f fe c t  on the incorporation of [^H]leucine  
into protein of 11.3 day ra t  conceptuses (Table 3 .2 .3 .2 .1 ) ,  but did s l ig h t ly  
reduce incorporation into the TCA-soluble f ra c t io n .  Protein synthesis in 
the younger 10.3 day conceptus, was also unaffected by MAA treatment at 
concentrations of e i th e r  5 mM (Table 3 .2 .3 .2 .2 )  or 10 mM (Table 3 .2 .3 .2 .3 ) .  
The positive  control (cycloheximide 10 and 100 pg/m lj, was tested on 10.3 day 
conceptuses throughout the sensitive  8  h exposure period. At a 
concentration of 1 0  pg/ml, cycloheximide inh ib ited  incorporation of 
[^HJleucine into embryonic protein by 64%, and yolk-sac protein by 57%
(Table 3 .2 .3 .2 .3 ) .  The absence of any e f fe c t  of MAA on protein synthesis of 
both 10.3 and 11.3 day conceptuses, over various exposure periods, strongly  
suggests that MAA does not exert an i n i t i a l  insu lt  on th is  biosynthetic  
process.
Methoxyacetic acid is a s tructura l analogue of acetic  acid, and both of  
these short chain carboxylic acids are competitive inh ib ito rs  of sarcosine 
oxidase (F r is e l l  and Mackenzie, 1955). I t  is possible there fo re , tha t MAA 
may be a competitive in h ib ito r  o f the reaction in which acetyl-CoA is 
produced from acetate. The reaction is as follows:
ATP + Acetate + CoA-----——>AMP + PPi + Acetyl CoA
and is catalysed by the enzyme acetate thiokinase.
The reaction of MAA with CoA would deplete both ava ilab le  CoA and also 
acetyl-CoA leve ls . For these reasons, the incorporation of [^ C ]a c e ta te  by 
the 10.3 day ra t  conceptus was investigated in the presence of MAA (10 mM). 
The resu lts  (Table 3 .2 .3 .3 )  show that MAA at a highly teratogenic dose has 
no e f fe c t  on the incorporation of [^ C ja c e ta te  into e i th e r  TCA-soluble  or 
- insolub le  m ateria l.
Valproic acid is another short chain carboxylic acid which is used as 
an anti-convulsant in therapy fo r  epilepsy. I t  is a known teratogen, (Brown 
et 1980; Kao et a2. 1981; Ong et £ h  1983) and produces s im ila r  
dysmorphogenesis in whole embryo culture to that of MAA treatment (Brown et 
a l . 1987). Valproic acid which is known to increase the incidence of spina 
b if id a  and other malformations in the offspring of mothers treated with the 
drug (Anon, 1982), however is about 3 times more potent than MAA in the 
embryo culture system. The mechanism of valproic acid te ra to g e n ic ity  is 
unknown, however i t  does have a v a r ie ty  of e ffec ts  on intermediary  
metabolism w ithin the l iv e r  of the whole animal, and in isolated hepatocytes 
(Becker and H arris , 1983; Coude et a h  1983; Turnbull et a l .  1983). In 
hepatic mitochondria VPA is metabolised to the acyl-CoA d er iva t iv e ,  
presumably by one of the f a t t y  acyl-CoA synthetase enzymes (Becker and 
H arris , 1983; Turnbull et £ h  1983). This resu lts  in a reduction in CoA and 
acetyl-CoA levels with an accumulation of valproyl-CoA. I t  is proposed tha t  
e ith e r  valproyl-CoA or more l ik e ly  the decrease in CoA causes the in h ib it io n  
of intermediary metabolism in v ivo , and the subsequent hepato tox ic ity .
Brown et £ h  (1985) examined the p o s s ib i l i ty  that VPA exerted i ts  
teratogenic actions via s im ila r  actions on embryonic metabolism. No e f fe c t  
on acetyl CoA levels of the embryo was observed a f te r  a 4 h exposure. In 
contrast Coude et a/L (1983) and Turnbull et a l .  (1983), found reduced 
acetyl-CoA levels in adult hepatocytes a t 30 min a f te r  valproate treatment. 
Brown et al (1985) also were unable to detect any synthesis of valproyl-CoA 
by the 1 0 . 3  day ra t  embryo and in consequence suggest that the organogenesis 
stage embryo is unable to synthesise the acyl-CoA metabolite of va lproate.
I f  the 10.3 day conceptus also is unable to synthesise methoxyacetyl-CoA,
MAA would not be expected to a f fe c t  acetate incorporation.
The observed ra te  of glucose u t i l is a t io n  (837 pmol/pg/h) and lac ta te  
production (1317 pmol/pg/h) seen in control conceptuses in the present study,
is s im ila r  to that in an e a r l ie r  study of ra t  conceptuses in v i t ro  
(Tanimura and Shepard, 1970), and also to that in a study of mouse 
conceptuses (Horton et a^. 1985b), when the calculations now known to be 
inaccurate are corrected. A second study of the mouse reports much higher 
ra tes , but th is  is probably due to differences in protein determinations 
(Clough and Whittingham, 1983).
MAA had no e f fe c t  on glucose u t i l is a t io n  or lac ta te  production (Table 
3 .2 .5 )  by 10.3 day ra t  conceptuses cultured fo r  8  h. S im ilar work from th is  
laboratory found valproate and butyrate to be in e f fe c t iv e  over th is  cu lture  
period ( fo r  comparison of MAA, valproate and butyrate see Coakley, Rawlings 
and Brown, 1986). However, exposure of conceptuses to the pos it ive  control 
compound, iodoacetate (0 .1  mM), which in h ib its  glycolysis at the 
glyceraldehyde phosphate dehydrogenase step, resulted in an 87% in h ib it io n  
of lacta te  production (Table 3 .2 .5 ) .  Even a t a concentration of 33 pM, 
iodoacetate s ig n if ic a n t ly  reduced lac ta te  production by 35% (data not 
shown).
Beattie  et_ a\_. (1984), saw an in h ib it io n  of lac ta te  production in 
s e r to l i  c e l l  cultures following MAA treatment at 3 and 10 mM, and incubation 
fo r  6 , 9 and 12 h. S e rto l i  c e l ls  metabolise glucose p r im a ri ly  to lac ta te  
(Robinson and F r i t z ,  1981) which may be the prime metabolic substrate of 
c e lls  ea r ly  in the spermatogenic cycle (Ju tte  et j rL  1981, 1982). Since the 
spermatocyte is the f i r s t  c e l l  population to be depleted follow ing 2 -  
methoxyethanol or MAA exposure, B eattie  e t  a l .  (1984) suggest tha t a 
decrease in a v a i la b i l i t y  of lacta te  as a re s u lt  of decreased production by 
the s e r to l i  c e l ls ,  could lead to the disappearance of spermatocytes in v iv o . 
More recent work (Pavittranon et aJ. 1986) indicates that MAA (3 and 10 mM) 
increases carbohydrate metabolism in s e r to l i  c e l l  cultures and stimulates  
the u t i l is a t io n  of both glucose and lac ta te .  They suggest that s e r to l i  
c e lls  a f te r  treatment with MAA, face an increased energy demand and respond
with an increase of g lycolysis and lac ta te  oxidation. The a n t i -  
spermatogenic action of MAA may therefore be a ttr ib u ted  to an unsuccessful 
e f fo r t  by s e r to l i  c e l ls  to cope with the increased metabolic demand. Gray 
et a l .  (1985), however, could not ameliorate the spermatocyte to x ic i t y  of 
MAA by supplemental lac ta te  in s e r to l i  germ-cell cu ltures, despite the fac t  
that isolated spermatocytes are able to use exogenous lac ta te  (Ju tte  et a l .  
1981). Equally, removal o f pyruvate normally present in the medium did not 
enhance to x ic i t y  (Gray et aJL 1985).
The s t ru c tu re -a c t iv i ty  re lationships fo r  the alkoxy acids and analogues 
(Section 3.1 and Rawlings et cH. 1985), and teratogenic potency in whole 
embryo cu ltu re , are remarkably s im ilar  to those in the serto li-germ  c e l l  
culture (Moss et cH. 1987). The d i f fe re n t  e ffec ts  observed with MAA on 
glycolysis in the embryo and te s t is  cannot, however, be explained. One 
major d ifference between the two systems is that the 10.3 day ra t  conceptus 
u t i l is e s  glucose as i ts  major energy source (Clough and Whittingham, 1983), 
whereas the spermatocyte ( ta rg e t  c e l l  fo r  MAA) requires la c ta te .  Whether or 
not the te s t ic u la r  to x ic i t y  of MAA involves an e f fe c t  on g lyco lys is , i t  is 
clear that the teratogenic action does not.
I t  has long been established that certa in  maternally administered 
heterologous an ti-se ra  are teratogenic in the ra t  (S lotn ick and Brent, 1966; 
Brent 1967; Brent et £ h  1971). In these studies the an ti-se ra  was observed 
to loca lise  in the v iscera l yolk-sac and did not reach the embryo i t s e l f ,  
suggesting that the yolk-sac is the ta rget organ in teratogenesis.
Freeman et a l . (1982) have shown that the pinocytosis of exogenous 
proteins by the yolk-sac is inh ib ited  by antibody. Pinocytosed protein is 
normally degraded w ithin the yolk-sac to provide a source of amino acids 
fo r the embryo (Freeman et £]_. 1981; Freeman and Lloyd, 1983). The overa ll  
e f fe c t  of the antibody on the yolk-sac was to decrease the a v a i l a b i l i t y  of  
amino acids fo r  use by the embryo, and th is  was proposed as the mechanism of
More recen tly , Freeman and Brown (1986) have shown that an anti-serum  
to v iscera l yolk-sac endoderm induced teratogenesis by in te r fe r in g  with 
viscera l yolk-sac pinocytotic function. In whole embryo cu ltu re , the a n t i ­
serum induced abnormality of 67% o f  embryos at a concentration where only 
20% of the v iscera l yolk-sac had any observable defect. Thus embryonic 
abnormalities could be induced by impaired v iscera l yolk-sac function even 
when there was no apparent action on v iscera l yolk-sac morphology.
Treatment of ra t  conceptuses in v i t ro  with MAA, also induced morphological 
abnormalities of the v iscera l yolk-sac (Section 3 .1 .1 ,  F ig . 3 .1 .1 .1 ;
Rawlings et a V  1985). I t  was thought tha t MAA may mediate e ffec ts  on the 
embryo by an in h ib it io n  of yolk-sac pinocytotic function. A n ti-v isc e ra l  
yolk-sac endoderm anti-serum was tested in th is  system as a pos itive  
control.
The data in Table 3 .2 .4  show that MAA has no e f fe c t  on v iscera l yo lk -  
sac pinocytosis at highly teratogenic concentrations (10 and 20 mM).
Sim ilar studies in th is  laboratory have examined the e ffec ts  of both 
valproate and butyrate (also known to e f fe c t  v iscera l yolk-sac morphology, 
Brown et aJ. 1987) on yolk-sac pinocytosis, ( fo r  comparison of data see 
Coakley, Rawlings and Brown, 1986). Although s l ig h t  in h ib it io n  was seen 
with the highest concentration of valproate (5 mM), no o th e r . s ig n if ic a n t  
e ffec ts  were observed. The lowest concentration of the pos itive  control 
anti-serum that was used in the present study ( 1 0  p l /m l)  s ig n i f ic a n t ly  
reduces pinocytosis (Table 3 .2 .4 ) .  This concentration induces 67% embryonic 
abnormality in 9.5 day ra t  conceptuses exposed fo r  48 h, but is not grossly  
tox ic  to the v iscera l yolk-sac, inducing only 20% defects (Freeman and 
Brown, 1986). In cultures of the same design 10 mM MAA, 2 mM valproate and 
2 mM butyrate would induce grossly abnormal v iscera l yolk-sac and embryos, 
but these concentrations did not e f fe c t  v iscera l yolk-sac pinocytosis (Table
3 .2 .4  and Coakley, Rawlings and Brown, 1986). I t  seems u n lik e ly  therefore ,  
that MAA exerts i ts  teratogenic action via an i n i t i a l  e f fe c t  on viscera l  
yolk-sac pinocytosis.
4.3 The uptake and d is tr ib u t io n  of MAA.in ra t  whole embryo culture  
P u rif ic a t io n  of m ethoxy[l-^C ]acetic  acid by HPLC increased the 
radiochemical p u r i ty  from 94% to 96.5%, and thus decreased the content of 
the major rad ioactive  contaminant from 4.1% to 2.2% (F ig . 3 .3 .1 ) .  The 
uptake and d is tr ib u t io n  of [1-^C]MAA was extremely rap id , and did not 
d i f f e r  in conceptuses exposed to i t  fo r  e ith e r  48 h or during the last 4 h 
of the culture period (Table 3 .3 .2 ) .  In fa c t ,  eq u il ib ra t io n  values of 
[1-^C]MAA were reached w ithin 20 min fo r  the embryo and yolk-sac, and 40 
min fo r the exocoelomic f lu id  (Table 3 .3 .3 ) .  MAA was also concentrated by 
the conceptus, as the exocoelomic f lu id  concentration was about 1.7 fo ld  
that of the external medium (Table 3 .3 .3 ) .  Uptake of [1-^C]MAA was l inear  
over the dose range of 0 .5 -5 .0  mM (F ig . 3 .3 .4 ) .  This was compatible with 
simple d iffus ion  as there was no indication of e i th e r  a threshold or 
saturation concentration. The presence of serum in the medium had no e f fe c t  
on the d is tr ib u t io n  of [1-^C]MAA throughout the conceptus, (Table 3 .3 .5 .1 ) ,  
which indicates that i t  was not bound to serum prote in . The absence of 
binding to serum protein by MAA was confirmed by m icropartit ion  studies 
(Table 3 .3 .5 .2 ) .  The uptake of [1-^C]MAA into each compartment of the 
conceptus (embryo, yolk-sac and exocoelomic f l u i d ) ,  was found to be highly  
dependent on the pH of the external medium (Table 3 .3 .6 ) ,  and was determined 
by the pH d ifference between the medium and the conceptus. The embryo is 
thought to have a pH of 7 .6 -7 .7  (Nau and Scott, 1986) ie .  r e la t iv e ly  
a lka l in e  compared to 7.5 of the normal medium. Weak acids accumulate in an 
a lk a l in e  environment, (Freese et a h  1979) which in th is  case would be the 
embryo. In a more acid ic  medium, the pH d ifference between medium and
embryo is g reater, and the accumulation of MAA w ith in  the embryo 
correspondingly increases, the converse being true fo r  an a lk a l in e  medium 
(Table 3 .3 .6 ) .
The s t ru c tu re -a c t iv i ty  re lationships observed in whole embryo culture  
with the alkoxy acids (Section 3 .1 .1 ;  Rawlings et £1^ 1985), s tructu ra l  
analogues (Section 3 .1 .2 )  and other short chain carboxylic acids (Brown et  
a l . 1987) could possibly be due to differences in d is tr ib u t io n ,  rather than 
in t r in s ic  teratogenic action . From th is  study on MAA d is tr ib u t io n ,  and 
those reported elsewhere on propionate, butyrate and valproate (Brown,
1987), i t  is apparent tha t although the acids do vary to some extent in 
th e ir  d is tr ib u t io n  into the conceptus in cu ltu re , the d i f fe r in g  embryotoxic 
potencies cannot be explained on the basis of disparate embryonic 
concentrations. For example, MAA has a minimum e f fe c t iv e  concentration in 
standard 48 h whole embryo culture of about 1 mM (Yonemoto et a l .  1984), the 
equivalent concentration fo r  valproate being about 0.5 mM (Brown et a l .  
1987). At these medium concentrations the embryo contains about 6 6  pmol/pg 
protein of MAA (F ig . 3 .3 .4 )  and only 20 pmol/pg protein of valproate (Brown, 
1987) indicating that MAA is less potent a t  the embryonic s i te  of action . 
Three major factors influence the embryonic concentration of acids in the 
culture system: binding to medium components, pka of the acid and the 
a b i l i t y  of embryonic tissue to metabolise the compound. MAA is not bound to  
serum protein , (Tables 3 .3 .5 .1  and 3 .3 .5 .2 )  but valproate at a concentration  
of 0.5 mM is 6 6 % bound (Brown, 1987). This would obviously l im i t  
d is tr ib u tio n  into the conceptus, the free  valproate concentration being only  
0.17 mM (pinocytosis of the protein-acid  complex being neglected). The 
compounds do vary in th e i r  pka values, with MAA being the most ac id ic  
(3 .5 3 ) .  Most of the short chain carboxylic acids have pka values in the 
region of 4 .7 -4 .9 .  S light differences in d is tr ib u t io n  would be expected 
because of the differences in th is  physico-chemical parameter. For example
at a concentration of 0.5 mM the embryonic content of MAA is approximately 
25 pmol/pg protein (Fig 3 .3 .4 ,  pka = 3^53), that of valproate is 20 pmol/pg 
protein (pka = 4 .7 ,  in protein free  media, Brown, 1987) and that of 5 ,5 -  
dimethyloxazolid ine-2,4-dione (DM0) is 17 pmol/pg protein (pka = 6 .3 ) .  
Therefore, the higher the pka , the less concentration of the acid present in 
the embryo. However, pka values do not corre la te  in any systematic manner 
with teratogenic potency in v i t ro  (Rawlings et 1985; Brown et £]_• 1987 
and Table 4 .1 ) .
The f in a l  fac tor influencing the embryonic concentration of acid is the 
a b i l i t y  of embryonic tissue to metabolise i t .  The results  in Table 3 .4 .1  
show that conceptuses exposed to [1-^C]MAA fo r  48 h, did not incorporate  
any ra d io a c t iv i ty  into l ip id s ,  RNA, DNA or p ro te in . A Total of 100% of 
radio label in the homogenate was recovered in the acid-soluble fra c t io n ,  
indicating that [1-^C]MAA is not fu r th e r  metabolised and incorporated by 
conceptuses into the macromolecular component. Propionate and butyrate are  
however, extensively converted by embryonic and yolk-sac tissue into acid 
insoluble material (Brown 1987). Metabolism of these compounds in the adult 
is well studied (Guest et a2. 1983) and proceeds via an acyl-CoA d er iva t iv e .  
Rat conceptuses are not able to form a valproyl-CoA d eriva t ive  (Brown et a l .
1985) and do not incorporate valproate into TCA insoluble m ateria l (Brown, 
1987). There is obviously no corre la t ion  of embryonic incorporation with • 
embryotoxic action of these compounds in the culture system.
As was discussed e a r l ie r ,  the accumulation of [1-^C]MAA w ith in  the 
conceptus is probably due to  the pH difference between the external medium 
and that of the embryo or exocoelomic f lu id .  The concentration of [ 1 - ^ C ] -  
MAA in the exocoelomic f lu id ,  is about 1 .6 -1 .7  fo ld  of that in the medium at 
pH 7.5 . As the pH of the medium becomes more a lka l in e  the concentration of  
[1-^C]MAA in the exocoelomic f lu id  decreases and visa versa (Table 3 .3 ,6 ) .  
At a medium pH of 7 .5 , and using the Henderson-Hasselbalch equation, i t  can
be estimated that the pH of the exocoelomic f lu id  is about 7 .7 . This value 
is consistent with other studies by Brown (1987) on valproate, butyrate and 
propionate. I t  seems therefore , tha t the exocoelomic/amniotic f lu id  and 
probably the embryo proper, of the 11.3 day ra t  conceptus in v i t r o , is more 
a lka l in e  than the cu lture  medium.
Sim ilar data obtained in the mouse in vivo suggests that th is  is not an 
a r te fa c t  of the cu lture  system (Nau and Scott, 1986). In the la t t e r  study, 
the embryonic pH^  of the mouse was estimated at 7.64 + 0 .07 , 0 .4  units  
higher than maternal plasma (7.26 + 0 .03) on day 9 of gestation, and when 
administered to the pregnant mouse, several acids accumulated in the embryo 
including valproic  acid. In ra ts ,  the concentration of methoxyacetic acid 
in the embryo was double tha t in the maternal plasma (Nau and Scott, 1986). 
These resu lts  indicate that the pH gradient between maternal plasma and 
embryo, is a major determinant fo r  the extent of placental t ra n s fe r .  Nau 
and Scott (1986), also found that the accumulation of the acid was dependent 
on pka (valproate > DM0), as well as the pH gradient.
I t  was shown in section 3 .1 .2  tha t the amide d er iva tive  of methoxy­
acetic acid (methoxyacetamide) is in e ffe c t iv e  in whole embryo cu ltu re .  This 
in a c t iv i ty  could be due to a d ifference in uptake, but is more l ik e ly  to be 
due to the blocking of the acid group. This compound would not concentrate 
in the a lka l in e  environment of the conceptus, but should e q u il ib ra te  f re e ly .  
Nau and Scott (1986), have shown that valpromide reaches s im ila r  levels in 
the embryo to that of maternal plasma, as does ethosuximide (pka 9 .3 )  which 
is e s s e n t ia l ly  non-ionized at physiological pH. Methoxyacetamide was also 
shown to be an in e ffe c t iv e  teratogen in the mouse in vivo (Nau and Scott,
1986). W h il lh ite  and Shealy (1984), demonstrated that the amides o f a l l -  
trans and 1 3 -c is -re t in o ic  acid were much less teratogenic than the  
corresponding acids in hamster embryos, pointing to the importance of the 
carboxyl group. I t  has been observed that most human teratogens are weak
acids. I t  could be that acid ic  and basic compounds are equally embryotoxic 
in potentia l but more acids express th is  potentia l because of th e ir  re la t iv e  
accumulation w ithin the embryonic compartment. I t  has been suggested that  
these agents are teratogens because they are acids (Nau and Scott, 1986).
The la t t e r  explanation however, seems u n lik e ly .  At the same medium 
concentration, MAA accumulates in the embryo at much higher concentrations 
than valproate, and yet is a much less e f fe c t iv e  teratogen (about 3 fo ld ) .  
The evidence suggests therefore that the d is tr ib u t io n  and accumulation of 
weak acids is dependent on the pH gradient, the pka and the presence of an 
ionisable hydrogen ion, but th is  does not explain the d i f fe r in g  teratogenic  
potentia l of these compounds at the embryonic s i te  of in s u lt .
4 .4  Metabolism of.MAA by ra t  embryos in .c u ltu re
In studies on the mechanism o f 2-methoxyethanol induced te s t ic u la r  
to x ic i t y ,  Moss et . (1985), id e n t ify  MAA (50-60% of the dose) and methoxy- 
acety lg lycine (18-25% of the dose) as major urinary metabolites. The 
presence of only 68-85% of the dose in the urine, indicates that the 
recovery is incomplete. M i l le r  et al_. (1983) and Sleet et a h  (1986), have 
shown that a f te r  dosing animals with [^C]M E, [^ C ]C 0 2  is exhaled. The 
formation of the glycine conjugate and CO2  exhalation, implies fu r th e r  
metabolism via a CoA d e r iv a t iv e .  A fte r  2-methoxyethanol exposure of 
pregnant ra ts ,  MAA accumulates in the embryo at concentrations twice those 
of maternal blood (Nau and sco tt ,  1986). The question arises there fo re , as 
to whether fu rthe r  metabolism of MAA is re s tr ic te d  to the maternal 
compartment, or occurs also in the conceptus.
In the present study, i t  has been shown that MAA has a d ire c t  e f fe c t  on 
the developing conceptus in whole embryo cu ltu re , (Section 3 .1 ,  Rawlings et  
a l .  1985) in accordance with previous results  (Yonemoto et a l .  1984). To 
determine whether MAA was metabolised fu rth e r  by the conceptus, studies were
carried out in whole embryo cu lture  using [1-^C]MAA in the absence of  
maternal influences and metabolism.
The resu lts  in Table 3 .4 .1  show that [1-^C]MAA is not metabolised 
fu rthe r  by the developing conceptus and subsequently incorporated into  
l ip id ,  RNA, DNA or pro te in . A ll  [1-^C]MAA derived radio label was recovered 
in the acid soluble phase. A study by Sleet et sH. (1986) in vivo however, 
found very d i f fe re n t  resu lts .  They observed tha t only 6 6 % of a trace dose 
of 2 -m ethoxy[l,2 -^C]ethanol in the mouse remained in the acid soluble  
fra c tio n  of the embryo. The remaining 34% was found to be incorporated into  
protein , l ip id  and a complex f ra c t io n  of DNA, RNA, and glycosaminoglycans 
and also carbohydrate. This is not however e n t i re ly  unexpected, as evidence 
does suggest that the whole animal is capable of the metabolic conversion of 
MAA to MAA-CoA, as would be required in the formation of the glycine  
conjugate (Moss et alk 1985). However, in the present study on whole 
embryos in v i t r o , there was no evidence of formation of methoxyacetyl- 
glycine (F ig . 3 .4 .2 .1  -  3 .4 .2 .3 ) ,  and the a b i l i t y  of the embryo to form the 
CoA deriva t ive  of MAA therefore  seems u n lik e ly .  There is also evidence to  
suggest that the same developmental stage embryo is incapable of forming the 
CoA deriva tive  of valproate (Brown et aJL 1985).
In contrast to MAA, s ig n if ican t  incorporation of [ ^ C ]  into  
macromolecular components of the embryo occurs when conceptuses are grown in 
the presence of [^ C ] - la b e l le d  butyric and propionic acids (Brown, 1987).
The dysmorphogenesis induced by these acids in whole embryo cu ltu re ,  
however, is s im ila r  to  that induced by valproic acid and MAA (Rawlings et 
a l .  1985; Brown et a l .  1987). I t  seems un lik e ly ,  there fore , th a t  the 
teratogenic a c t iv i t ie s  of the short chain carboxylic acids are re la te d  to 
u t i l is a t io n .
Based on th e ir  findings Sleet e t  ajU (1986), suggest th a t  perhaps the 
organ spec if ic  to x ic i t y  and te ra to g en ic ity  of 2 -methoxyethanol in the mouse,
depends on the incorporation of carbon derived from 2 -methoxyethanol into  
macromolecules that are essential to normal v ia b i l i t y ,  p ro l i fe ra t io n  and 
development of adult and embryonal tissues. I t  is d i f f i c u l t  to compare in 
vivo and in v i t ro  studies, but the work presented here in v i t ro  does 
indicate that [1-^C]MAA is not incorporated into macromolecular components 
by the embryo, and is not therefore a prerequis ite  fo r  te ra to g e n ic ity .  I t  
is well established tha t MAA has a d irec t  e f fe c t  on the developing embryo in 
v i t r o  (Section 3 .1 .1 ;  Yonemoto et a l .  1984; Rawlings et j f L  1985), the lack 
of fu r th e r  metabolism and incorporation in v i t ro  indicates that the fu r th e r  
metabolism observed by Sleet et £ l . (1986), must be due to the maternal 
compartment and is probably not re levant to the te ra to g en ic ity  of th is  
compound.
HPLC of the acid-soluble fra c tio n  o f the embryonic tissue containing  
[1-^C]MAA derived rad io lab e l,  did not reveal evidence of methoxyacetyl- 
glycine as a metabolite (F ig . 3 .4 .2 .1  - 3 . 4 .2 .3 ) .  However, consistent 
increases were seen in peak 1. Peak 1 is an impurity present in the 
rad io labelled  [1-^C]MAA, derived from i ts  synthesis (Method 2 .2 .4 .1 ) .  
P a rt ia l  p u r i f ic a t io n  of the [1-^C]MAA by HPLC, reduced the content of 
impurity from 4.1% to 2.2% (F ig . 3 .3 .1 ) .  I t  is possible tha t the increase 
seen in peak 1 is due to production of a m etabolite, which co-elutes with 
the already present impurity of the labe l.  The id e n t ity  of peak 1 has not 
been established.
I t  could however be g lyco lic  acid, whose retention  time of 1.9 min does 
correspond to fra c tio n  10 in the HPLC e lu tion  p r o f i le .  Because of the close 
proximity of peak 1 to the solvent fro n t ( 1 . 6  min) i t  would be highly  
hydrophilic (short chain length) and/or very polar. G lycolic acid would f i t  
both of these c r i t e r i a ,  but has previously been shown to produce very 
d if fe re n t  defects in whole embryo culture (Section 3 .1 .2 ) .  I t  seems 
un lik e ly  therefore , that g lyco lic  acid is the proximate teratogen.
Another p o s s ib i l i ty  fo r  the increase seen in peak 1 (F ig . 3 .4 .2 .1  - 
3 .4 .2 .3 )  is that the conceptus concentrates the already present impurity of 
the rad io lab e l,  th is  process being most marked in the yolk-sac. I t  is 
possible that the impurity, having been taken up by the yolk-sac accumulates 
there, and is not passed on to the same extent to the exocoelomic f lu id  or 
embryo.
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1.0 Introduction
The whole embryo culture system, as used in Part 2 of th is  thesis  
offers  many advantages fo r  the study o f biochemical mechanisms of 
te ra to g en ic ity .  However i t  is also important to recognise that there are 
l im ita t ions  to the technique.
One of the major problems is that the embryo is a heterogeneous mix of 
c e l l  types, and thus, i f  only a m inority of ce l ls  are effected by the 
teratogenic in s u lt ,  at the biochemical level the e f fe c t  may be masked.
In general when the whole embryo culture is used fo r  biochemical 
studies, attempts are made to standardise the ages of the embryos. However, 
minor variations in age (up to 4 h) which probably s t i l l  occur, are l ik e ly  
to contribute to biochemical varia t ions between embryos and thus to a high 
scatter of data.
I t  has been suggested tha t  the e ffec ts  of MAA on lac ta te  and 
carbohydrate metabolism of s e r to l i  ce l ls  in cu ltu re , are re levant to i ts  
te s t ic u la r  to x ic i t y  (B eatt ie  et aH. 1984; Pavittranon et a l .  1986). The 
g lyco ly t ic  conversion of glucose to lac ta te  in whole embryo cu ltu re ,  
however, was unaffected by MAA treatment. I t  is possible tha t the 
biochemical e f fe c t  may be masked i f  only a few c e lls  are a ffec ted , because 
of the heterogenic nature of the embryo.
For the reasons discussed above, i t  was decided that a more homogeneous 
technique might be more su itab le  fo r  studies on MAA te ra to g e n ic ity .  One of 
the major abnormalities produced by MAA or 2-methoxyethanol treatment of 
both rats  and mice in vivo is defects to the limb (Horton et a l .  1985a; 
R it te r  et 1985; Scott et 1987). The defects seen include, missing 
d ig i ts ,  syndactyly, duplication of limb bud d ig its  and also radioulnar  
shortening (a defect also seen in th is  study, Section 3 .1 .4 ,  Part 2 ) .
Brown et a2« (1984), have also shown limb defects in younger ra t  
embryos. The mothers were dosed with MAA (2 .5  mmol/kg, i . p . )  on day 11
(embryonic age) and examined 48 h la te r  (day 13). S ligh t bulges were seen 
on the forelimb buds. Sim ilar defects have also been seen by Scott et a l .  
(1987). Mothers were dosed with 2-methoxyethanol (5 mmol/kg, i . p . )  on day 
12 of gestation (day 13, embryonic age), and 24 h la te r  b u lge-like  
thickenings were observed in the proximal region on the ventral aspect of 
the limb. The defects observed in the la t t e r  study and also that of Brown 
a/h (1984), might manifest as ventral duplication of d ig its  at term, also 
seen by Scott jH .  (1987).
The whole embryo culture  spans the 48 h period of 9 .5 -11 .5  days 
(embryonic age). The results  of the study by Brown et £ h  (1984) would 
indicate that limb defects might not be seen in whole embryo cu ltu re ,
because the embryos are, in fa c t ,  too young.
Because of the consistency with which limb defects have been observed
with MAA treatment, i t  was decided that the ra t  limb bud micromass culture
system, being more homogeneous might provide a more su itab le  model fo r  the 
study of MAA te ra to g en ic ity .
Chondrogenesis is one of the f i r s t  overt c e l l  d i f fe r e n t ia t io n  events in 
the development of the vertebrate limb (U r is t ,  1983). In the chick limb bud 
a central core of mesenchymal c e l ls  begin to aggregate (a process known as 
c e l lu la r  condensation) at around Hamilton-Hamburger (HH) stages 22-24 (Ede,
1983), resu lt ing  in an increase in c e l l  packing density (Thorohood and 
H in c h l i f fe ,  1975). In th is  condensed core, chondrocytes then appear, which 
secrete large amounts of c a r t i la g e -s p e c if ic  macromolecules such as type I I  
collagen (Dessau et a l • 1980) and sulphated proteoglycans (Palmoski and 
Goetinck, 1972; H a s c a l le t  a h  1976).
The in vivo chondrogenic sequence has been experimentally reproduced in 
v it ro  (Hunter and Caplan, 1983). Mesenchymal ce lls  may be enzymatically  
dissociated from pre-chondrogenic limb buds, and when cultured under 
appropriate conditions, w i l l  d i f fe r e n t ia te  into chondrocytes. The micromass
method of Ahrens et a]_. (1977) is commonly used and permits the observation 
of chondrogenesis in v i t ro  using r e la t iv e ly  small numbers of c e l ls .  These 
limb bud micromass cultures have been extensively  used to study changes in 
u ltras tru c tu re  and the synthesis o f  proteoglycans and basement membrane 
components in chondrogenesis (Royal and Goetinck, 1977; Sawyer and Goetinck, 
1981; Goetinck 1985; Hassel et £ h  1985). Micromass cultures have also been 
used to study c e l l - c e l l  in teractions and chondrogenesis (Solursh, 1983; 
Antonio and Tvan, 1985).
The limb bud micromass culture  technique is also being used to estimate 
the teratogenic potentia l of compounds (Wilk et a l .  1980; Hassel and 
Horigan, 1982; F l in t  and Orton, 1984; Guntakatta £ t  £ h  1984; K is t le r ,
1985). Using a lc ian blue, a s ta in  spec if ic  fo r  c a r t i la g e  proteoglycans, the 
degree of chondrogenesis can be visualised in the micromass cultures as well 
as quantified by extraction of the sta in  (Hassel and Horigan, 1982). 
A lte rn a t iv e ly ,  chondrogenesis can also be assessed by the measurement of  
rad io labelled  sulphate incorporated into proteoglycans (Guntakatta et a l .
1984).
The aims of th is  section were to characterise the e f fe c t  of MAA on the 
ra t  limb bud micromass culture system, with a view to establishing the 
i n i t i a l  biochemical insu lt  responsible fo r  the teratogenic e f fe c t .
2.0 M ateria ls  and Methods
2.1 M aterials
A ll  materials used were as in M ateria ls  ( 2 .1 ) ,  Part 2. Further  
materials used in Part 3 o f th is  thesis are deta iled  below according to 
manufacturer.
2 .1 .1  Chemicals
Sigma (London) Chemical Co. L td . ,  Fancy Road, Poole, Dorset, England 
Trypan Blue, dye content; approximately 40%
Alcian blue
Guanidine hydrochloride 
Glutaraldehyde
Diaminoethanetetra-acetic acid , disodium s a lt
Bio-Rad Laboratories L td . , Watford Business Park, Watford, Herts, England
Protein assay dye reagent concentrate
Protein standard I I ,  Bovine serum albumin
Raymond A Lamb, 6 . Sunbeam Road, North Acton, London, England
Neutral red
2 .1 .2  Radiochemicals
Amersham In ternationa l Limited, Amersham, England 
Sodium [^ S js u lp h a te  ( 3 2  mCi/mmol) so lid , stored at 2°C
2 .1 .3  Tissue Culture M ateria ls
Imperial Laboratories L t d . , Ash ley.Road, Salisbury, England 
Hams Nutrient Mixture F-12 without sodium bicarbonate and L-glutamine 
Dulbecco's Modified minimum Essential Medium Eagle with 1.0 g/L glucose and 
sodium pyruvate without sodium bicarbonate and L-glutamine 
Minimum Essential Medium Eagle Amino Acids (50 X)
Minimum Essential Medium Eagle Vitamins (100 x)
P e n ic i l l in  5000 i .u . /m l  and Streptomycin 500Q pg/ml (50 x)
Trypsin (EC 3 .4 .2 1 .4 )  (2.5%, 1:250) in Hank’ s Balanced s a lt  solution without 
calcium, magnesium and phenol red
2 .1 .4  Tissue Culture Plastic-ware
Flow Laboratories L t d . , Woodcock H i l l ,  H arefie ld  Road, Rickmansworth, Herts. 
Tissue culture m u lt i-w e ll  plates with cover ( s t e r i l e ) ,  24 f l a t  bottom wells  
and 96 f l a t  bottom wells
2.2 Methods
2 .2 .1  Timed pregnant females
Pregnant Wistar-Porton ra ts  were obtained as described in Part 2 
(Method 2 .2 .1 ) ,  and were used fo r  a l l  experiments. The morning on which the 
vaginal plug was found was considered to be day 1 of gestation.
2 .2 .2  Techniques used fo r  micromass:cultures of ra t  limb bud;
mesenchymal ce l ls
Limb bud micromass cultures were prepared e s s e n t ia l ly  by the method of 
F l in t  and Orton (1984).
2 .2 .2 .1  Preparation.of. cu lture  medium
2 *2 .2 .1 .1  A d d it ions .to .cu ltu re  medium
Three d i f fe re n t  media were used fo r  micromass cultures, (DMEM, DMEM 
without sulphate, Hams F-12) but in each case the media were supplemented 
with the following: 10% Fetal c a l f  serum (FCS), glutamine (4 mM), p e n ic i l l in  
(100 i .u . /m l )  and streptomycin (100 pg/ml).
2 .2 .2 .1 .2  Preparation of DMEM without added inorganic sulphate
The inorganic sa lts  and other components in Table 2 .2 .2 .1 .2  were placed 
in a large s t e r i le  beaker. Up to 390 ml of water (reverse osmosis/deionised) 
was added to the beaker, and the mixture s t ir re d  u n t i l  the constituents had 
dissolved. The solution was f i l t e r e d  through a 0.22 pm M il l ip o re  f i l t e r ,  and 
then supplemented with the additions shown in Table 2 .2 .2 .1 .2 .  The volume 
was made up to a to ta l  of 500 ml with s t e r i le  water (as above).
2 .2 .2 .2  Explantation.of.conceptuses.and.dissection of limb buds 
Conceptuses were explanted from pregnant rats  on the morning o f day 13
of gestation (embryonic age of 12.3 days). Explantation was as described in 
Method 2 .2 .3 .2 ,  Part 2, and conceptuses were placed into s t e r i l e  Hanks BSS 
(37°C). Using a stereo dissecting microscope and watchmakers forceps the 
embryo proper was removed from the maternal decidua and yolk-sac tissues.
Table 2.2.2.1.2 Preparation o f DMEM without added Inorganic sulphate
Constituent Concentration
Inorganic sa lts  (mg/500 ml)
CaCl2 2H20 132.45
KCl 200.00
NaCl 3200.00
NaHC03 1850.00
NaH2P04 2H20 70.65
Other components (mg/500 ml)
Glucose 500.00
Phenol red 7.50
Sodium pyruvate 55.00
Additions (ml/500 ml)
FCS (100%) 50
Glutamine (200 mM) 10
P e n ic i l l in  (5000 i .u . /m l )  and 
Streptomycin (5000 pg/ml) 10
Amino acids
(50 x MEM Eagle) 20
Vitamins
(100 x MEM Eagle) 20
Dissected embryos were kept at 37°C in s t e r i l e  Hanks BSS u n t i l  a l l  were 
dissected (usually  about 70-100 embryos). Fore-limb buds were then 
c a re fu l ly  removed from each embryo, pooled, and placed into a p la s t ic  
universal containing 5 ml of s t e r i le  Hanks BSS (37°C) using a Pasteur 
p ip e tte ,  Hanks BSS was removed, and a single c e l l  suspension was prepared.
2 .2 .2 .3  P rep ara t io n .o f .a .s in g le  cell.suspension
A solution (5 ml) of 0.1% trypsin and 0.1% EDTA in calcium-magnesium- 
free  phosphate buffered saline was added to  dissected ra t  limb buds in a 
p las t ic  universal. The universal was placed in an incubator at 37°C fo r  13- 
15 min. The trypsin  solution was removed, and limb buds were gently washed 
in an excess of culture medium. Excess culture medium was removed and 
replaced by a known volume. A single c e l l  suspension was produced by 
repeated t r i tu r a t io n  through a Gilson p ipette  followed by f i l t r a t i o n  through 
a Nitex filam ent screen.
2 .2 .2 .4  D e te rm in a tio n .o f .ce ll .d en s ity
A solution of trypan blue (1%) was d ilu ted  1:1 with cu lture  medium 
giving a to ta l  volume of 780 p i .  A 20 pi a liquot of c e l l  suspension was added 
to the la t te r  (g iv ing a d i lu t io n  fac to r  of 40 ),  and a f te r  carefu l mixing, 
the number of c e l ls  were counted using a chamber and hemocytometer.
Calculation:
Assuming the mean number of c e l ls  per grid = X, and a d i lu t io n  fac to r  
of 40.
No. of ce lls /m l = X x 40 x 10^
For p la ting  of micromass cu ltures, the c e l l  suspension was d i lu te d  
accordingly with culture medium to give a c e l l  concentration of 2  x 1 0  ^
ce l ls /m l.
2 .2 .2 .5  Plating and incubation of. micromass, cultures
Spot cultures were produced by dispensing 10 or 20 pi a liquots of the 
c e l l  suspension ( 2  x 1 0  ^ c e l ls /m l)  as a d iscrete drop in the centre o f each
well of a 24 well p la te .  The plates were placed in a humidified (5% C02  
/95% a i r )  incubator at 37°C fo r  1 .5-2  h to allow c e lls  to attach before 
flooding each well with 0.5 ml of cu lture  medium (with or without tes t  
chemical present).
The day on which the c e l ls  were plated was designated day 0; medium was 
changed on days 2 and 4, and cultures were terminated on day 6 . 
D if fe re n t ia t io n  of the cultures was monitored d a i ly  by phase contrast 
microscopy, and various techniques were used to assess growth and 
d i f fe re n t ia t io n  of cultures.
2 .2 .2 . 6  Test.chemicals, for, micromass.cultures
A ll  tes t  chemicals used were water soluble and were prepared in the 
culture medium to be used. Where necessary, the pH was adjusted with e ith e r  
sodium hydroxide or hydrochloric acid. Unless otherwise stated, micromass 
cultures received te s t  chemicals in the media on day 0  of cu ltu re , ie .  
d ire c t ly  a f te r  attachment of c e l ls .  Control cultures received media with no 
additions. Treatments were conducted in t r i p l ic a t e  or quadruplet.
2 .2 .3  Techniques.used to. assess.growth.and, d ifferen tia tion .o f.m icrom ass  
cultures
2 .2 .3 .1  A ld an , blue, staining, of. micromass, cultures
The method used fo r  the sta in ing of micromass cultures with a lc ian  blue 
was ess en t ia l ly  tha t of Hassel and Horigan (1982).
On day 6  of culture (unless otherwise s ta ted ),  medium was removed and 
replaced with a 0.5% solution of a lc ian  blue. Alcian blue (0.5%) was 
prepared in 3% acetic  acid , the pH adjusted to pH 1.0 with HC1, and the 
solution f i l t e r e d .  The stain was l e f t  on the c e l l  layer fo r  s u f f ic ie n t  time 
to allow fo r  adequate sta in ing of c a r t i la g e  nodules (about 6 - 8  h ) .  Unbound 
dye was removed from the c e l l  layer by several rinses with 3% ace tic  acid. 
The bound dye was extracted from the cultures with 0.5 ml guanidine
hydrochloride ( 6  M) overnight at 4°C. An a liquot of the extract (200 p i )  was 
transferred to a m ic ro t i t re r  p la te ,  and i ts  absorbance at 620 nm was 
determined with a T ite r te k  Multiscan spectrophotometer.
2 .2 .3 .2  N e u tra l . re d .s ta in in g .o f .v ia b le .c e l ls
The method used fo r  the sta in ing of micromass cultures with neutral red 
was e s s e n t ia l ly  that of F l in t  (personal communication).
Cells were f ixed  fo r  20 min with glutaraldehyde made approximately 
isosmotic with cu lture medium (4 .5  ml glutaraldehyde:95.5 ml w ater),  then 
washed three times with sa line . Saline was replaced with neutral red stain  
(1 ml, 0.1% neutral red in normal sa line) and cultures were l e f t  fo r  90 min 
at room temperature. A fte r  removal of the s ta in , ce l ls  were washed three  
times with saline to remove unbound s ta in . Bound stain was eluted from the 
ce lls  into acid alcohol (1 ml, 0.5% v/v acetic  acid in 50% alcohol) fo r  a
minimum of 2 h. An a liquot of the extract (200 p i)  was transferred  to a
m ic ro t i t re r  p la te ,  and i ts  absorbance at 550 nm was determined with a 
T ite r te k  Multiscan Spectrophotometer. Cell number is d i r e c t ly  re la ted  to  
the absorbance of the eluted s ta in .
2 .2 .3 .3  Protein, determination (B ra d fo rd ,.1976)
Micromass spot cultures were washed three times in sa line , and were 
dissolved in 1 N sodium hydroxide (0 .5  m l) . An a liquot (100 p i)  was d ilu ted  
to 1 ml with water (g iv ing a f in a l  concentration of 0.1 N sodium hydroxide). 
Samples (100 p i)  of the la t te r  solution were transferred  to a m ic ro t i t re r
p la te .  To each sample, 100 pi of Bradford reagent (d ilu ted  8:12 with water)
was added. Trays were l e f t  fo r  30 min a t  room temperature and the 
absorbance at 620 nm was determined with a T ite r te k  Multiscan 
Spectrophotometer. Bovine serum albumin was used as a reference.
2 .2 .3 .4  Incorpora tion .o f.rad io labe lled . metabolic, precursors, by. micromass 
cultures (day. 5-6)
Micromass cultures were set up as in Method 2 .2 .2 ,  and the cu ltu re
conditions were iden tica l to those described. The incorporation of 
rad io labelled  metabolic precursors was assessed using the method of 
Guntakatta et £ l .  (1984), as follows:
A fter  120 h of treatment (day 5 ) ,  the medium was removed, and the 
cultures were refed with medium containing e ith e r  [methyl-^H]thymidine 
(1 pCi/ml, 25 Ci/mmol) or L -[4 ,5 -^H ]leuc ine  (1 pCi/ml, 128 Ci/mmol) and sodium 
[^ S js u lp h a te  ( 5  pCi/ml, 32 mCi/mmol) as well as the same concentration of 
tes t  chemical. Incubation was continued fo r  an add itional 24 h, whereupon 
radioactive media was removed, and cultures were washed thoroughly with ice-  
cold sa line . Macromolecules were prec ip ita ted  with 0.5 ml TCA (10%) at 4°C. 
A fter 16 h at 4°C, the acid-soluble phase was removed and taken fo r  
determination of ra d io a c t iv i ty .  The prec ip ita tes  were washed twice with TCA 
(10%) at 4°C, and solublised in 1 N sodium hydroxide (250 p i ) .  The 
solubilised m aterial was neutralised with 1 N HC1 (250 p i ) ,  and taken fo r  
radioactive analysis (Method 2 .2 .8 ) .  The contributions of [^H] and [ ^ S ]  in 
the resu ltant counts were estimated by use of dua l- labe l radioisotope  
methods.
2 .2 .3 .5  Expression.of.results
Generally values fo r  control spot cultures were a r b i t r a r i l y  set at 
1 0 0 %, and the values fo r  the treatment spot cultures expressed as a fra c t io n  
of th is ,  ie .  the data was normalised against respective controls . Dose- 
response curves were then p lo tted .
2 . 2 .3 .5 .1  Inh ib ito ry , concentration, 50%,.(ICqn )
The concentration of a compound necessary to reduce e ith e r  sta in ing of 
micromass cultures, or radio label incorporation, by 50%. This was estimated 
from the dose-response curve fo r  each compound.
2 .2 .3 .5 .2  Teratogenic. Hazard. R a t io . ( THR)
The teratogenic hazard of a compound was assessed from the d ifference  
between IC^q ' s fo r  c e l l  survival and d i f fe r e n t ia t io n .  The THR was
calculated as follows: 
e ith e r  IC5 0  Neutral red
ICgQ Alcian blue 
or ra d io a c t iv i ty  incorporated into ac id-insoluble  material ie .
IC5 0  [ 3 H]Thymidine
IC5 0  [ 3 5 S]Sulphate
2 .2 .4  Techniques, used, for, short, term, incorporation studies
2 .2 .4 .1  Micromass, cu lture.conditions
A v a r ie ty  of short term incorporation studies were conducted on 
micromass cultures during the period of day 0 -day 1 (0-24 h) of a standard 
culture . The rad io labelled  metabolic precursors u t i l is e d  were the same 
and the concentrations used throughout are shown in 2 . 2 .4 .3  below.
In a l l  studies, standard micromass cultures were set up (Method 2 .2 .2 ) ,  
2 0  pi spots were p lated, and allowed 2  h to attach in a humidified incubator 
(5% C02 /95% a i r ) .  The study was continued by use of one of three incubation  
periods, as deta iled  below.
Incubation 1. D ire c t ly  a f te r  p la t in g  down of c e l ls ,  cultures were flooded 
with medium (400 p i)  containing treatment ( i f  necessary), and rad io labe lled  
metabolic precursors (as below). Cultures were incubated under standard 
conditions (Method 2 .2 .2 .5 )  fo r  a 24 h period, and were then terminated  
(Method 2 .2 .4 .2 ) .
Incubation.2 . D ire c t ly  a f te r  p la t ing  down of c e l ls ,  cultures were flooded  
with media (0 .5  m l), with or without (contro l)  treatment present, and were 
incubated under standard conditions (Method 2 .2 .2 .5 ) ,  fo r  a 2 h period.
Media was removed and cultures were refed with fresh media (400 p i)  
containing both treatment ( i f  necessary) and rad io labelled  metabolic 
precursors (as below). Incubation was continued fo r  a fu r th e r  period of
0.5-2 h, whereupon i t  was terminated (Method 2.2 .4 .2).
Incubation. 3 . D ire c t ly  a f te r  p la t ing  down of c e l ls ,  cultures were flooded 
with media (0 .5  m l), with or without (contro l)  treatment present, and were 
incubated under standard conditions (Method 2 .2 .2 .5 )  for a 24 h period.
Media was removed, and cultures were refed with fresh media containing both 
treatment ( i f  necessary) and rad io labelled  metabolic precursors. Incubation 
was continued fo r  a fu r th e r  period o f 0 .5 -2  h, whereupon i t  was terminated 
(Method 2 .2 .4 .2 ) .
2 .2 .4 .2  Measurement, of. incorporation
Radiolabelled media was removed from micromass cultures, and the c e l ls  
were washed thoroughly with ice-cold sa line . Macromolecules were 
prec ip ita ted  with 0.5 ml TCA (10%) at 4°C. A fte r  16 h at 4°C, the acid-  
soluble phase was removed and taken fo r  determination of ra d io a c t iv i ty .  The
prec ip ita tes  were washed twice with TCA (10%) at 4°C, and were then
solub ilised . Cultures were so lubilised in 1 N sodium hydroxide i f  an
a liquot was to be taken fo r  protein determination, or in 55 mM sodium
hydroxide i f  an a liquot was to be taken fo r  DNA estimation. An a liquot  
(130 p i)  from the so lub ilised  acid-insoluble  m ateria l was taken, neutralised  
with HC1 and taken fo r  radioactive determination (Method 2 .2 .8 ) .
2 .2 .4 .3  Rad 1 o 1 abe.11 ed. metabo.11 c. precursors
In a l l  short term incorporation studies the concentrations of 
rad io labelled  precursors were as follows: [Methyl-^H]thymidine (2 pCi/ml,
25 Ci/mmol), Sodium [^ S ]s u 1 phate ( 5  pCi/ml, 32 mCi/mmol), L -[4 ,5 -^ H ]leuc ine  
(2 pCi/ml, 128 Ci/mmol), D -[U -1 4 C]glucose (2 pCi/ml, 270 mCi/mmol), sodium 
[2 -^ C ]a c e ta te  (2 pCi/ml, 53 mCi/mmol). With the use of dual radioisotope  
methods, i t  was possible to study two isotopes ( [ 3 H] and [ ^ C ] / [ 3 5 S]) per 
culture .
2 .2 .4 .4  Protein, determination. (Lowry.et. a.i.. 1951)
Micromass cultures were so lubilised in 1 N sodium hydroxide. An
aliquot (100 p i)  was taken and d ilu ted  to 1 ml with water. The assay 
procedure was iden tica l to tha t described in Method 2 .2 .1 1 .1 ,  Part 2.
Micromass cultures which had previously been prec ip ita ted  with TCA (10%) 
(Method 2 .2 .4 .2 )  were also assayed fo r  protein using th is  method. The 
protein content of cultures was found to be identica l in those which had 
been prec ip ita ted  with TCA (10%) p r io r  to assay, and those which had not.
2 .2 .4 .5  DNA-estimation
The method used to estimate DNA content was e s s e n t ia l ly  that of Kapp et 
a l . (1974), as described in Method 2 .2 .1 1 .2 ,  Part 2, but with the following  
m odification. Micromass cultures a f te r  p rec ip ita t io n  with TCA (10%) were 
dissolved in 55mM sodium hydroxide (200 p i ) .  An aliquot of 100 pi was removed 
to  a tes t  tube, to which was added 100 pi of the DABA solution , and the assay 
continued as in Method 2 .2 .1 1 .2 ,  Part 2. Using the standard c e l l  suspension 
of 2  x 1 0 7  c e l ls /m l ,  micromass spots were plated over a range of volumes 
(5-25 p i ) .  Using th is  assay, the DNA content of these micromass spot 
cultures was l inear with respect to the volume of the spot p lated . The 
assay therefore responded to c e l l  number.
2 .2 .5  G.lyco.lytic, conversion. o f .g lu c o s e .to . la c ta te
Micromass cultures were set up under standard conditions as described 
in Method 2 .2 .2 .  Cultures were exposed to treatment (MAA) and [^C ]g lucose  
immediately a f te r  attachment o f  c e l ls ,  and were incubated fo r  a 24 h period 
(as in Incubation 1, Method 2 .2 .4 .1 ) .  At termination of the cu ltu re ,  media 
samples were removed and 1 0  pi a liquots were analysed fo r metabolites by 
descending paper chromatography as described in Method 2 . 2 . 8 .2 ,  Part 2. 
Micromass cultures were prec ip ita ted  with 10% TCA (Method 2 .2 .4 .2 )  and 
analysed fo r  protein (Method 2 .2 .4 .4 ) .  In s im ila r  experiments, cultures  
were exposed to treatment (MAA) fo r  a 2 h period, immediately a f te r  
attachment of c e l ls  on day 0. Media was then replaced with fresh media
containing treatment and [^C ]g lucose (as in Incubation 2, Method 2 .2 .4 .1 ) ,  
and cultures continued fo r  a fu r th e r  1 or 2 h period. At termination of the 
cu ltu re , media samples (400 p i)  were removed, and were concentrated in 
Eppendorf tubes on a Speed Vac Concentrator to about 20 p i .  The en t ire  
sample was analysed by descending paper chromatography (as above).
2 .2 .6  C e ll.count.o f.estab lished , micromass, cultures
Culture medium was removed from micromass cultures and replaced with a 
solution of trypsin  (0.1%) and EDTA (0.1%) in calcium and magnesium-free 
phosphate buffered saline (0 .3m l) .  Cultures were incubated at 37°C fo r  
5 min in a humidified (5% C0 2 / 9 5 % a i r )  incubator. Trypsin solution was 
removed and replaced with fresh media ( 2 0 0  p l /w e l l ) ,  and the c e l ls  dispersed 
by gentle t r i tu r a t io n  through a Gilson p ip e tte .  A 100 pi a liquot of c e l l  
suspension was d ilu ted  with 0 . 1% trypan blue ( 1 : 1 ) ,  and an a liquot taken fo r  
determination of c e l l  number using a hemocytometer.
2 .2 .7  Rep.1atlng.of. mi cromass. cultures
Micromass cultures were set up as in Method 2 .2 .2 .  Spot cultures of 
2 0  pi were plated and were grown under standard conditions in the presence of 
e ith e r  control media, or media containing treatment. A fte r  24 h, media was 
removed, and replaced with a solution of trypsin  (0.1%) and EDTA (0.1%) in 
calcium and magnesium-free phosphate buffered saline (300 pi per w e l l ) .  
Cultures were incubated at 37°C fo r  5 min in a humidified (5% C0£/95% a i r )  
incubator. The trypsin solution was removed, and replaced with control 
medium (300 pi per w e l l ) .  The c e l l  layer was c a re fu l ly  scraped away from the 
surface of each well using a s te r i le  spatula, and the ce l ls  were dispersed 
by repeated t r i tu r a t io n  through a Gilson p ip e tte .  The c e l l  suspension was 
removed from each well and pooled (according to treatment) in a p la s t ic  te s t  
tube. A fte r spinning fo r  1 min in a bench centrifuge at 2500g the
supernatant was removed, and to the small p e l le t  of ce l ls  was added a known 
volume of fresh media. Cells were resuspended using a Gilson p ipette  and an 
aliquot taken fo r  determination of c e l l  number using a hemocytometer (Method
2 .2 .2 .4 ) .  The c e l l  number was adjusted to 2 x 107  c e l ls /m l,  and spot 
cultures were replated in 20 pi a liquots , into clean s te r i le  trays . A fte r  
attachment of ce l ls  (2 h a t  37°C) cultures were flooded with fresh control 
media (0 .5  m l/w e l l ) ,  and were grown under standard conditions (Method
2 .2 .2 .5 ) .  The day on which cultures were replated was designated day 0, and 
cultures were grown u n t i l  day 6 .
2 . 2 . 8  Determi nat .i on. o f . rad i oact i v .i ty  
As in Method 2 .2 .1 1 .5 ,  Part 2.
2 .2 .9  S ta t is t ic a l ,  analysis
As in Method 2 .2 .1 1 .6 ,  Part 2.
3.0 Results
3.1 S tru c tu re -a c t iv ity  re lationships and th e .e f fe c t  of media d ifferences  
in the micromass culture
3 .1 .1  S tru c tu re -a c t iv ity  re lationships in DMEM
Eleven compounds were analysed using the limb bud micromass culture  
technique (Method 2 .2 .2 ) .  Growth and c e l l  v i a b i l i t y  of the cultures were 
measured by protein determination, and by staining with neutral red, 
respective ly . D i f fe re n t ia t io n  was assessed by the staining of sulphated 
proteoglycans with a lc ian blue. This was d i f f i c u l t  in cultures grown in 
DMEM, but was g rea t ly  improved by using DMEM without added inorganic 
sulphate (Method 2 .2 .2 .1 .2 ) .  Cultures fo r  a lc ian  blue stain were therefore  
grown in DMEM (without inorganic sulphate), whereas cultures fo r  neutral red 
stain or protein determination were grown in normal DMEM. A su itab le  dose- 
range fo r  each compound enabled calcu lation  of the IC5 Q (Method 2 .2 .3 .5 .1 )  
from the dose-response curve. The resu lts  fo r  each compound are given in 
Tables 3 .1 .1 .1  -  3 .1 .1 .3 .  The corresponding dose-response curves fo r  MAA, 
EAA and THIO are shown in Fig. 3 .1 .1 .
The IC5 Q values are summarised in Table 3 .1 .1 .4 .  along with the 
resu ltan t teratogenic hazard r a t io  (THR). The THR is calculated by d iv id ing  
the IC5 Q fo r  c e l l  survival or growth, by the IC5 Q fo r  d i f fe r e n t ia t io n .  
Compounds with a r a t io  of 1 are equally damaging to c e l l  survival and c e l l  
d i f fe r e n t ia t io n .  Compounds with a r a t io  of greater than 1 s e le c t iv e ly  
in h ib it  d i f fe re n t ia t io n  p r io r  to an e f fe c t  on c e l l  su rv iva l.  The 
teratogenic r is k  fa c to r ,  therefore is low fo r  the former, but high fo r  the 
l a t t e r .
The most potent compounds were THIO, MAA and EAA (Tables 3 .1 .1 .1  -
3 .1 .1 .4 ) .  EE was quite a strong in h ib ito r  of d i f fe re n t ia t io n  ( IC 5 Q = 1 5 .8 ) ,  
but was also cytotoxic ( IC 5 Q = 1 7 .6 ) ,  the THR being 1.11 (Table 3 . 1 . 1 .4 ) .
The teraogenic rank order THIO > MAA > EAA, agreed with previous data 
in whole embryo culture (Part 2, 3 .1 .3 )  as did the r e la t iv e  in a c t iv i t y  of
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the rest of the compounds studied.
For two reasons i t  was decided to change media from DMEM to Hams F-12:
1) To overcome the problems associated with the use of DMEM with and without
sulphate.
2) In p a ra l le l  studies F l in t  (personal communication) found certa in  of these
compounds to be more e f fe c t iv e  in Hams F-12 medium.
3 .1 .2  S tru c tu re -a c t iv ity  re lationships fo r  MAA and re la ted  alkoxy acids in 
Hams F-12
I n i t i a l l y  MAA was tested in Hams F-12. The staining of chondrogenic 
foci with a lcian blue, in both control and MAA treated micromass cultures is 
shown in Fig. 3 .1 .2 .1 .  Viable c e l ls  were stained with neutral red, as shown 
in Fig. 3 .1 .2 .2 .  The number o f chondrogenic foci was severely reduced in 
MAA treated cultures compared to controls (F ig . 3 .1 .2 .1 ) ,  but c e l l  v i a b i l i t y  
of the treated cultures was not so dram atica lly  effected (F ig . 3 .1 .2 .2 ) .
The dose-response curves fo r  a lc ian  blue and neutral red are shown in F ig .
3 .1 .2 .3 .  The ICgg's fo r  alc ian blue and neutral red were 1.0 mM and 8 .4  mM 
respective ly , giving a THR of 8 .4 .  MAA was much more e f fe c t iv e  in Hams F-12 
than in DMEM.
Because of the d ifference in response, i t  was necessary to determine 
whether the s t ru c tu re -a c t iv i ty  re la tionsh ip  was the same in the new medium 
as that in DMEM. Part of the s t ru c tu re -a c t iv i ty  study, was therefore  
repeated with selected compounds in Hams F-12 medium.
A summary of the resu lts  is shown in Table 3 .1 .2 .  The rank order of 
potency fo r  the compounds tested was MAA > EAA > PAA. PAA was probably more 
potent than BAA ( ICgg*s were not reached at maximum concentration tested)  
and MPA was s im ila r  to PAA. The above ranking is s im ilar to that seen 
previously with these compounds in DMEM (Table 3 .1 .1 .4 ) .  However, a l l  the 
acids were more potent in Hams F-12, and the THR for neutral red /a lc ia n  blue 
was higher fo r  a l l  compounds in the new medium. This is p a r t ic u la r ly
Fig. 3 . 1 . 2 . 1  A l c i a n  b l u e  s t a i n  of c h o n d r o g e n i c  f o c i  in m i c r o m a s s
c u l t u r e s
Cultures were grown in Hams F-12 medium; a) control, b) 5 mM MAA, 
c) 10 mM MAA and were stained with alcian blue on day 6,
(Method 2.2.3.1).
a) control
c) 10 mM MAA
Fig. 3 . 1 . 2 . 2  N e u t r a l  r e a  s t a i n  or v i a p i e  c e i i s  m  m i c r o m a s s
c u l t u r e s
Cultures were grown in Hams F-12 medium; a) control b) 5 mM MAA 
and were stained with neutral red on day 6 (Method 2.2.3.2).
a) control
b ) 5 mM MAA
100
• — •  NEUTRAL RED
o o ALCIAN BLUE
_io
CXLI—zo
U-o
40 -
f—
z
UlI
cc
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20 -
10 1 2 1486420
MAA CONC(mM)
Fig. 3 .1 .2 .3  Dose-response fo r  ra t . l im b  bud micromass cultures treated  
w it h MAA in Hams F- 1 2  medium
The plotted data points are the mean + SD (n = 4 ) .
A l l  values are normalised against concomitant controls.
Alcian blue IC 50 = 1.0 mM. Neutral red IC^q = 8 .4  mM.
Table 3 .1 .2  S tru c tu re -a c t iv i ty  re lationships of various alkoxy acids in 
the ra t  limb bud micromass system in Hams F- 1 2  medium
THR
IC5 0  IC5 0  Neutral red
Neutral Alcian
Structure Abbreviation red blue ICgQ Alcian blue
CH3 0CH2 C00H MAA 8 . 8 1.7 5.18
c2 h5 och2cooh EAA 16.6 4 .8 3.46
c3 h7 och2cooh PAA >2 0 . 0 a 8 . 1 >2.47
c4 h9 och2cooh BAA >2 0 . 0 a >2 0 . 0 a . . . b
ch3 oc2 h4cooh MPA >2 0 . 0 a 9.0 >2 . 1 0
In the above experiment hind-1imb buds were used, which were s l ig h t ly  larger  
than the correct aged fore-lim b buds.
a IC5 Q was not reached at maximum concentration tested.
k In s u ff ic ie n t  data to ca lcu late r a t io .
apparent fo r  PAA and MPA both of which previously had ra t ios  of about 1, 
(Table 3 .1 .1 .4 )  but in Hams F-12 have ra tios  o f 2 -2 .5  or higher. Therefore 
compounds which were previously in e ffe c t iv e  in DMEM (THR = 1) appear to be 
reasonably potent in Hams F-12 (THR > 2 ) .
3 .1 .3  E ffect of d i f fe re n t  media on incorporation of [^Hjthymidine and 
[ ^S ]su lphate  by ra t  limb bud micromass cultures in the presence of 
MAA
I t  was shown in Section 3 .1 .2  th a t  MAA treatment of micromass cultures  
was more e f fe c t iv e  in Hams F-12 medium than in DMEM. The d ifferences were 
studied fu r th e r  by measuring the incorporation of [^H]thymidine into DNA, 
and [^S]su lphate into proteoglycans (Methods 2 .2 .3 .4 ) ,  thus enabling a 
d irec t  comparison of the three media DMEM, DMEM (without sulphate) and Hams 
F-12 over the 6  day culture period.
Fig. 3 .1 .3  shows the dose-response curves fo r  MAA. Where possible IC5 Q 
values have been calculated from the graphs and are shown in Table 3 .1 .3 .  At 
a concentration of 15 mM, [^H]thymidine incorporation (as a percentage of 
the control) was as follows: Hams F-12 = 9%; DMEM (without sulphate) = 78% 
and DMEM = 112%. S im ila r ly ,  [^ S ]s u lp h a te  incorporation (as a percentage of 
the control) was markedly d i f fe re n t :  Hams F-12 = 2%; DMEM (without suphate)
= 26% and DMEM = 82%.
These results  confirm those o f the previous section. The e f fe c t  of MAA 
on the limb bud micromass system is highly dependent on the medium used.
3 .1 .4  Comparison of the e ffec ts  of MAA.and methylthioacetate on the 
incorporation of [^ S js u lp h a te  by micromass cultures during the 
f i r s t  24 h of culture (day 0 -  day 1) in Hams F-12.medium and DMEM
The previous section showed a marked difference in MAA e f fe c t  on 
micromass cultures, depending on the media used. The aim of th is  experiment
tV\e
was to determine i f  the observed media e f fe c t  was on ^ in i t ia l  in s u lt ,  or 
the subsequent growth of the micromass culture . M ethylth ioacetate, which
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Table 3.1.3 Effect of d iffe re n t media on MAA treatment of micromass
cultures as measured by incorporation of [^Hjthymidine into  
DNA and [^S]su1phate into proteoglycans
THR
IC50 [^H]Thymidine
Media [^HjThymidine [ ^ S u lp h a t e  [^S jS u lp hate
Hams F-12 6 . 8 3.2 2 . 1
DMEM (-S04 ) >15.0a 7.3 — b
DMEM >15.0a 13.2 __ b
a Accurate ICgg v a lues cannot be calculated from the graph, (F ig . 3 .1 .3  b 
and c ) .
k In s u ff ic ie n t  data to ca lcu late  r a t io .
Cultures were grown under normal conditions in the presence or absence 
(contro l)  of treatment fo r  5 days. On day 5, media was replaced with fresh  
media containing treatment and both M h] thymidine and [^SJsulphate  
(Method 2 .2 .3 .4 ) .  Incubation was continued fo r  a fu r th e r  24 h whereupon 
cultures were terminated and incorporated ra d io a c t iv i ty  determined.
was seen previously to be more potent than MAA, was also tested in the two 
media. Micromass cultures were as in Incubation 1, Method 2 .2 .4 .1 .
The results  (Table 3 .1 .4 )  show that both MAA (5 mM) and THIO (2 .5  mM) 
in Hams F-12 medium, s ig n if ic a n t ly  in h ib it  incorporation of [^ S js u lp h a te  
into the acid-insoluble  f ra c t io n .  THIO (2 .5  mM) also had a s l ig h t  
in h ib ito ry  e f fe c t  on the acid-soluble f ra c t io n .  In DMEM however, the 
effec ts  of these compounds on incorporation into the acid-insoluble  fra c t io n  
were g reatly  reduced (Table 3 .1 .4 ) .  S im ila r ly ,  in Hams F-12, the protein  
content of treated cultures was approximately 50% of the contro l, but in 
DMEM the protein content of MAA and THIO treated cultures was 70% and 83% of  
control cultures respective ly . The to ta l  protein content of control 
cultures did not d i f f e r  between the two media.
To summarise; the media differences previously observed over the 6  day 
culture are equally apparent a f te r  only a 24 h culture period in the 
presence of MAA (5 mM) or THIO (2 .5  mM). These results  suggest that i t  is 
the i n i t i a l  insu lt  of the compounds which d i f fe r s  in these media, and not 
the subsequent growth o f the micromass cu ltures.
I t  was shown in Part 2, 3 .3 .6 ,  that the d is tr ib u t io n  of [1-^C]MAA  
throughout whole ra t  conceptuses is determined by pH p a r t it io n in g  between 
the in t ra c e l lu la r  and e x tra c e llu la r  compartments. The pH of each media 
(a f te r  24 h of e q u il ib ra t io n  with 5% C0£) was found to be 7.6 (DMEM) and 7.1 
(Hams F -12). I t  was possible therefore , th a t  the media d ifferences observed 
here, on the e f fe c t  of MAA in the micromass system, could be a t tr ib u te d  to a 
pH difference between Hams F-12 and DMEM media. The following experiments 
attempt to tes t  th is  hypothesis.
3 .1 .5  E ffect of increased a lk a l in i t y  of Hams F-12 medium on MAA treatment 
of.micromass cultures  
The re la t iv e  a lk a l in i t y  of DMEM compared to Hams F-12 is probably due 
to the higher bicarbonate concentration. DMEM contains 3.7 mg NaHCC^/ml
Table 3.1.4 Effect o f d iffe re n t media on the treatment of limb bud
micromass cultures with methoxyacetate and m ethylthioacetate,
as measured by incorporation of [^S]sulphate over 24 h
Media
[^S jS u lp hate  contained 
(% of c o n tro l ) 3
Treatment
Acid soluble  
(dpm/pg protein)
Acid insoluble  
(dpm/pg protein)
Protein
(pg)
Hams F-12 Control 
(n = 8 )
MAA (5 mM)
(n = 8 )
THIO (2 .5  mM) 
(n =8 )
DMEM Control
(n = 7)
MAA (5 mM)
(n = 7)
THIO (2 .5  mM) 
(n = 7)
100 + 2 
*
92 + 8  
83 + 6
100 + 3 
103 + 7 
95 + 6
100 + 3
* * *  
62 + 4
53 + 3
100 + 5 
85 + 3 
88 + 2
58.2 + 1.8
* * *
27.5 + 2.0
31.8 + 1.5
60.7 + 2.5
43.1 + 0.6  
* * *
50.3 + 2.3
Results are means + SD (20 pi spots). The incubation period was 24 h (as in 
Incubation 1, Method 2 .2 .4 .1 ) .
a The d i f fe re n t  sulphate content o f the media resulted in d i f fe re n t  spec if ic  
a c t iv i t i e s .  Results were normalised against respective controls to enable a 
direc t comparison between DMEM and Hams F-12.
Protein was determined as in Method 2 .2 .4 .4 .
*  S ig n if ic a n t ly  d i f fe re n t  from corresponding contro l.
whereas Harns F-12 contains only 1.2 mg/ml. In an attempt to make Hams F-12 
more a lk a l in e ,  bicarbonate was added to the medium at various concentrations, 
and the e f fe c t  on MAA treatment measured by incorporation of [^ S js u lp h a te  
over the 24 h period. The resu lts  are shown in Table 3 .1 .5 .1 .  Addition of 
bicarbonate to Harns F-12 medium had no e f fe c t  on protein content of control 
cultures, but s ig n i f ic a n t ly  increased that o f  treated cu ltures. In Hams 
F-12 medium, (1 .2  mg/ml NaHCC^), MAA (5 mM) inh ib ited  incorporation of 
[^ S js u lp h a te  into the acid-insoluble  frac tio n  by 44%. However in the 
medium supplemented with sodium bicarbonate to give f in a l  concentrations of
2.7 mg/ml and 3.7 mg/ml, in h ib it io n  was reduced to 20% and 18% respective ly .
The addition of bicarbonate to Hams F-12 medium resulted in a marked 
increase in a lk a l in i t y  as shown by the pH values of the d i f fe re n t  media 
( a f te r  eq u il ib ra t io n  fo r  24 h with 5% CO2 ; Table 3 .1 .5 .1 ) .
To ascertain that the a l le v ia t io n  of MAA e ffec ts  (seen above) was a 
resu lt  of change in pH, a s im ila r  experiment was performed whereby sodium 
hydroxide was added to Hams F-12. The aim of the experiment was to have a 
progressive increase in a lk a l in i t y  of Hams F-12 media. However, due to  
in s u f f ic ie n t  buffering capacity of the bicarbonate in the media, with 
continuous gassing (5% COg), the pH of the a lk a l in e  media d r i f te d  back 
towards 7 .0 . .  The actual pH of the resu lt ing  media was therefore impossible 
to determine. An attempt was made to maintain a lk a l in i t y  by addition of 
fu rthe r  aliquots of sodium hydroxide to the cultures throughout the 24 h 
period.
The resu lts  are shown in Table 3 .1 .5 .2 .  MAA (5 mM) inh ib ited  
incorporation of [^S ]su lp h a te  into ac id-insoluble  material by 36% in Hams 
F-12. A progressive increase in the a lk a l in i t y  of the medium (by addition  
of sodium hydroxide), reduced th is  in h ib it io n  to 30% and 15% of respective  
controls. The a lka lin e  media resulted in s ig n if ic a n t  increases in 
incorporation (ac id -inso lub le ) in both control and treated cu ltures , but
Table 3.1.5.1 Effect o f supplementation of Hams F-12 with bicarbonate on MAA
treatment of micromass cultures as measured by [ ^S]sulphate  
incorporation
Final sodium
bicarbonate
conc.
(mg/ml)a Treatment
Protein
(pg)
^s-S u lphate  contained 
Acid soluble Acid insoluble  
(dpm/pg (dpm/pg 
protein) protein) PH
1 . 2 Control 
(n = 7)
58.4 + 4 .9 4 4 . 8 + 2 . 7 65.5 + 4 .2 7.09
MAA (5 mM) 
(n = 7)
30.1 + 1.9 33.6 + 4 .4 37.0 + 2 .4  
(56%)
7.05
2.7 Control 
(n = 7)
59.6 + 3.1
* * *
47.2 + 4 .8 6 7 . 2 + 6 . 3
• k k k
7.42
MAA (5 mM) 
(n = 7)
38.0 + 1 . 2 38.9 + 4.1 53.7 + 5.4  
(80%)“
* *
7.36
3.7 Control 
(n = 7)
56.8 + 3.7
k i c k
46.4 + 1.4 7 2 . 7 + 3 . 1
• k k k
7.53
MAA (5 mM) 
(n = 7)
36.3 + 2.3 36.6 + 3.1 59.7 + 5.4  
(82%)“
7.54
Results are means + SD, 20 pi spots. Incubation period was 24 h (day 0-day 1, 
as in Incubation 1, Method 2 .2 .4 .1 ) ,  the MAA concentration used throughout was 
5 mM.
Hams F-12 medium contains 1.2 mg/ml9  of sodium bicarbonate, whereas DMEM 
contains 3 .7  mg/mla .
(%) MAA resu lt  expressed as a percentage o f corresponding contro l.
Protein was determined as in Method 2 .2 .4 .4 .  
a Not including sodium bicarbonate in serum.
*  S ig n if ic a n t ly  d i f fe re n t  to comparable treatment in normal Hams F-12.
Table 3.1.5.2 Effect of making Hams F-12 medium alka line on MAA treatment
of micromass cultures as measured by incorporation of
[^S ]s u lp h a te
[^S ]S u lphate  contained
Protein Acid soluble Acid insoluble
Media Treatment ( jjg) (dpm/pg protein) (dpm/pg protein)
Hams F-12 Control 87 + 3 39 +_ 2 58 + 4
(Normal)
Hams F-12 MAA 5 0 + 1  3 5 + 1  3 7 + 1
(Normal) (641)
A lka line 3  Control 75 + 1 4 7 + 1  9 0 + 6
Hams F-12
A lka line 3  MAA 65 + 4 37 + 4 63 + 4
Hams F-12 (7(ff)
•k ie  k k k  k k k
A lka line *3 Control 75 + 1 50 1 93 + 2
Hams F-12
k k k  k k k  k k k
A lka line *3 MAA 57 1 44 + 1 79 + 4
Hams F-12 (851)
a and b : The experiment was designed to show a progressive increase in the
a lk a l in i t y  of the Hams F-12 medium, whereby b was more a lka l in e  than a . The 
actual pH could not be determined due to d r i f t in g  (See t e x t ) .
(%): MAA resu lt  expressed as a percentage of corresponding con tro l. Results
are means + SD, n = 3, (20 pi spots). The cu lture  period was fo r  24 h (day 0
to day 1, as in Incubation 1, Method 2 .2 .4 .1 ) .  The MAA concentration used
throughout was 5 mM.
Protein was determined as in Method 2 .2 .4 .4 .
*■ S ig n if ic a n t ly  d i f fe re n t  to comparable treatment in normal Hams F-12 medium.
overa ll the MAA e f fe c t  ( r e la t iv e  to controls) was decreased.
The abnormally high protein content of the control cultures in th is  
experiment (87 pg), cannot be explained, but may be due to e rror in c e l l  
density or p la t in g .
In summary, the d i f fe re n t  e ffec ts  seen with MAA or methylthioacetate  
treatment of micromass cultures in Hams F-12 and DMEM media, appears to be 
due to the pH of the media, probably as a re s u lt  of d i f fe re n t  bicarbonate 
concentrations.
3 .1 .6  Uptake of [1-^C]MAA by ra t  limb bud micromass cultures grown in 
e ith e r  Hams F-12 or.DMEM media 
I t  was shown in Part 2, 3 .3 .6 ,  that the uptake of [1-^C]MAA by whole 
embryos was highly dependent on the pH of the external medium. This 
experiment was to determine whether the uptake of [1-^C]MAA by micromass 
cultures d iffe red  according to the media used.
Micromass cultures were set up under standard conditions (Method
2 .2 .2 ) ,  and were incubated fo r  24 h in control media. At 24 h, fresh media 
containing [1-^C]MAA (1 pCi/ml, 2 .5 mCi/mmol) was added, and cultures were 
incubated fo r  a fu r th e r  4 h. Media was removed, cultures were washed 
quickly in ice-cold saline and so lub ilised  in 1 N sodium hydroxide. An 
aliquot was taken fo r  protein determination (Method 2 .2 .4 .4 ) ,  the remainder 
was analysed fo r  ra d io a c t iv i ty  (Method 2 .2 .8 ) .  Results are shown in Table 
3 .1 .6 .  Uptake of [1-^C]MAA was s ig n if ic a n t ly  greater in Hams F-12 than in 
DMEM medium. The protein content fo r  cultures in th is  experiment, were 
s l ig h t ly  higher than normal and are not e as ily  explained. From a to ta l  of 
nineteen individual experiments in Hams F-12 medium, the protein content was 
6 2 + 8  pg at the end of a 24 h incubation. In th is  experiment protein  
estimations were carried  out at 28 h, the micromass cultures were there fore  
s l ig h t ly  o lder. The values however, of 76 pg protein fo r  Hams F-12 cultures  
and 80 pg fo r DMEM do not d i f f e r  s ig n if ic a n t ly  from each other, which is in
Table 3.1.6 Influence of  d if fe ren t media on the uptake of L l - ^ C ]  MAA by
ra t limb bud micromass cultures
Media pH
Protein
(pg)
[1 .14  
(pmol)
C] MAA uptake
(pmol/pg protein
Hams F - 12 7.1 76 + 3 190 + 11 2.50 + 0.11
(n = 1 2 )
kk k
DMEM 7.6 81 + 3 132 + 8 1.64 + 0.13
(n = 13)
Results are means + SD. (20 pi spots).
Control cultures were grown fo r  24 h in the above media, fresh media 
containing [1 -  C]MAA (1 pCi/ml, 2 .5 mCi/mmol) was then added, and 
incubation continued fo r  a fu r th e r  4 h. Cultures were washed, dissolved in 
IN NaOH and taken fo r  rad ioactive  analysis (Method 2 .2 .8 ) .
Protein was determined as in Method 2 .2 .4 .4 .
*  S ig n if ic a n t ly  d i f fe re n t  to corresponding parameter in Hams F - 12 medium
agreement with previous results (Table 3.1.4).
3.2 Characterisation of.MAA action in micromass cultures
Having established that the s t ru c tu re -a c t iv i ty  was consistent in both 
DMEM and Hams F-12 media, and that MAA was more e f fe c t iv e  in the l a t t e r ,  i t  
was decided that a l l  subsequent experiments would be conducted in Hams F-12. 
For th is  purpose the micromass cultures were characterised using Hams F-12 
medium.
3 .2 .1  Time course.f o r .t h e .growth and.production.of c a r t i 1age.proteoglycan 
of 1 imb bud micromass.cultures
The growth of limb bud c e l l  populations and th e ir  production of  
c e l lu la r  and a lc ian-b lue  binding matrix prote in , was monitored over the time 
period in which nodules were observed to develop.
In spot cultures the c e l l  number increased by approximately 3 fo ld  
during the f i r s t  3 days, and then remained constant (Table 3 .2 .1 ) .  The 
content of to ta l  protein in the cultures increased gradually u n t i l  day 5, 
and then plateaued, the synthesis and deposition of matrix proteoglycan also  
increased with cu lture  time. The re la t iv e  amounts of a lc ian -b lue  binding 
c a r t i la g e  proteoglycan increased dram atica lly  between the th ird  and sixth  
day of incubation.
3 .2 .2  E ffect of MAA on incorporation of [^Hjthymidine, [^Hjleucine and 
[ ^ S jsu lpha te  into the macromolecular component of ra t  limb bud 
micromass.cultures
Standard micromass cultures were grown in Hams F-12 medium under normal 
conditions in the presence of MAA (0-15 mM) fo r  5 days. On day 5, the 
cultures were flooded with fresh medium containing the appropriate  
concentration of MAA and the rad io labelled  metabolic precursor, and 
incubation continued fo r  a fu r th e r  24 h (Method 2 .2 .3 .4 ) .  Spot cultures  
were analysed as in Method 2 .2 .3 .4 .
Table 3 .2 .1  E ffec t of incubation time on the growth and synthesis of
c e l lu la r  protein and c a r t i la g e  proteoglycan” by spot cultured  
ra t  limb bud ce l ls  in Hams F-12 medium
Culture time No. of c e l ls  Total c e l lu la r  Matrix c a rt i lag e
(days)a per spot and matrix proteoglycan
culture  pro te in /spotc ( re la t iv e  to day 6 )a
(x 1 0 5) b (pg) (n = 1 2 ) (n = 6 )
(n = 3)
0 1.9 + 0 . 1 2 0  + 2 —
1 3.1 + 0.4 28 + 2 1 + 1
2 5.3 + 0.5 .38 + 3 1 + 2
3 6 . 2 + 0.7 44 + 4 8  + 2
4 6 . 0 + 0.7 7 5  ± 5 25 + 4
5 6 . 8 + 1 . 0 1 2 0  + 16 6 6  + 5
6 6 . 0 + 0.5 104 + 8 1 0 0  + 1 2
a Limb bud c e l ls  were plated at 2 x l ( r  c e l ls /1 0  pi complete Hams F-12 medium.
b Spot cultures were dissociated by mild t ry p t ic  digestion and the free  
ce lls  counted in a hemocytometer (Method 2 .2 .6 ) .
c Spot cultures were washed with sa line , the proteins so lub ilised  in 1 N NaOH, 
37°C and the to ta l  protein /spot was estimated (Method 2 .2 .4 .4 ) .
 ^ Spot cultures were stained with a lc ian  blue and the bound dye was estimated. 
Values are expressed as percentages of the 6 -day cu ltu re , mean + SD.
The dose-response curves are shown in Figs. 3 .2 .2 .1  and 3 .2 .2 .2 .  
Incorporation of [^S ]su lp h a te  into proteoglycans was more sensitive to 
in h ib it io n  by MAA (ICgQ = 3 .8  mM), than was [^H]thymidine incorporation into  
DNA ( IC 5 0  = 6.1 mM), whereas incorporation of [^H]leucine into protein was 
less sensitive ( IC 5 0  = 8 .4  mM).
3 .2 .3  E ffect of delaying in i t ia t io n  of MAA treatment on incorporation of  
[ ^H]thymidine and [^ S js u lp h a te  by ra t  limb bud micromass cultures
In a l l  experiments so f a r ,  MAA treatment has begun at time 0, ie .  
immediately a f te r  p la t ing  down of c e l ls .  At th is  time the culture also 
undergoes a change in environment from an isolated droplet to being flooded 
with medium. As there is no p re -eq u il ib ra t io n  of the cultures p r io r  to  
treatment, they may be ' a r t i f i c i a l l y '  sensitive  to MAA at th is  time.
Fig. 3 .2 .3  shows the dose-response curves fo r  MAA, with treatment 
in i t ia te d  on e ith e r  day 0 (a) or day 1 (b ) .  The IC5 Q values were 
extrapolated from the graph and used to  ca lcu late  the THR (Table 3 .2 .3 ) .  
Comparing Fig. b to Fig. a, the curves fo r  [^Hjthymidine and [^ S ]s u lp h a te  
have shifted s l ig h t ly  to  the r ig h t ,  th is  resu lted  in s l ig h t  increases in 
IC5 0  values, and a lowering of the THR (Table 3 .2 .3 ) .
3 .2 .4  The sensitive exposure period fo r  MAA treatm ent.of micromass 
c u ltu re s . in Hams F-12 medium
Micromass cultures (Method 2 .2 .2 )  were exposed to MAA fo r  d i f fe re n t  
treatment periods throughout a 5 day cu ltu re . Table 3 .2 .4 .1  shows that an 
i n i t i a l  treatment of MAA (5 mM) fo r  24 h from day 0 to day 1 was s u f f ic ie n t  
to in h ib it  a lcian blue sta in ing to 51.6% of the control value (as measured 
on day 5 ) .  Cultures treated fo r  120 h (5 days) exhibited in h ib it io n  to 30% 
of controls. In a fu r th e r  experiment, cultures were exposed to MAA (5 mM) 
fo r  d i f fe re n t  24 h periods throughout the 6  day cu ltu re . The resu lts  are 
shown in Table 3 .2 .4 .2 .  The only 24 h treatment period which was sens it ive  
to MAA (5 mM) was the f i r s t  24 h from day 0 to day 1. A ll  other treatment
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Table 3.2.3 Effect of delaying in i t ia t io n  of treatment of micromass
cultures with MAA in Hams F-12 medium
IC50
In i t ia t io n  of ~  “
treatment [ JH]Thymidine [ JbS]Sulphate THR
2.9 2 .4
4 .8  1.7
Standard micromass cultures were set up as in Method 2 .2 .3 .4  except, treatment 
began e ith e r  as normal (on day 0 ) ,  or 16 h la te r  on day 1. On day 5, fresh  
media was added containing treatment and radio label (Method 2 .2 .3 .4 ) .
Day 0 
Day 1
7.0
8.2
Table 3 .2 .4 .1  E ffect of increase in exposure time to MAA, on matrix
ca r t i la g e  proteoglycan synthesis by ra t  limb bud micromass 
cultures
Exposure time (h) Matrix c a rt i lag e
to MAA (5mM) proteoglycan
(% of control)
0  - 24 51.6 + 1.3
0  - 48 56.6 + 1 . 0
0  - 72 52.8 + 4.2
0  - 96 37.7 + 3.2
0  - 1 2 0 30.0 + 3.6
Cultures were stained with a lc ian blue on day 5. A l l  values are normalised 
against respective controls. Results are means + SD, n = 4.
Table 3 .2 .4 .2  E ffect of moving the exposure period to MAA on the synthesis 
of matrix c a r t i la g e  proteoglycan by ra t  limb bud micromass 
cultures '
Exposure period Matrix c a r t i la g e
to MAA (5mM) proteoglycan
Group (h) {%> of control)
1 0  -  24 58.6 + 2.5
2 24 - 48 99.3 + 6 . 6
3 48 -  72 1 0 2 . 3 + 4 . 2
4 7 2 - 9 6 99.8 + 6.7
5 96 -  120 86.3 + 3.9
NONE
6 (C ontro l) 1 0 0 .0 + 3 .1
Cultures were stained with a lc ian blue on day 5 and values normalised 
against the contro l. Results are means + SD, n = 4.
periods were in e f fe c t iv e .  These results  confirmed those of the previous 
experiment.
3.3 Mechanisms of MAA action in micromass cultures
3.3.1  Radiolabelled incorporation studies
3 .3 .1 .1  Incorporation s tud ies . in cultures exposed to treatment and
rad io labelled  metabolic precursors f o r .24 h . (day 0 -  day 1)
The i n i t i a l  experimental design was as follows: Cultures were set up 
and were treated fo r  a 24 h period with MAA, w hils t simultaneously exposed 
to the individual rad io labe lled  intermediates (Incubation 1, Method
2 .2 .4 .1 ) .  Cultures were removed, washed and analysed fo r  incorporated 
a c t iv i t y  (Method 2 .2 .4 .2 ) .  The resu lts  are shown in Table 3 .3 .1 .1 .  The 
major e ffec ts  seen were on sulphate, thymidine and acetate incorporation.
Acid-insoluble incorporation of [^S ]s u lp h a te  was reduced to 48% of 
controls by MAA (5 mM) treatment, and acid soluble to 56%. S im ila r ly ,  MAA 
(5 mM) reduced acid insoluble incorporation of [^Hjthymidine to 82% of  
controls but did not decrease the acid soluble f ra c t io n .  Conversely, [ ^ C ] -  
acetate incorporation into both acid-insoluble  and -soluble m ateria l was 
s ig n if ic a n t ly  increased by MAA (5 mM) treatment. The f ra c t io n a l  
incorporation of the isotopes was la rge ly  unaffected by MAA treatment (Table
3 .3 .1 .1 ) .
3 .3 .1 .2  Incorporation studies in cultures pre-trea ted  with MAA on 
day 0 , (0 -2  h ) , followed by a rad io label pulse (2 -4  h)
I t  is possible tha t micromass cultures were s u f f ic ie n t ly  a ffected  by a 
24 h treatment of MAA (Section 3 .3 .1 .1 )  to re s u lt  in s ig n if ic a n t  secondary 
changes in incorporation of rad io labelled  precursors (Table 3 .3 .1 .1 ) .  I t  
was decided to examine the incorporation studies over a short term treatment 
period, d i re c t ly  a f te r  attachment of c e l ls .  Cultures were set up as in 
Method 2 .2 .4 .1  (Incubation 2 );  a f te r  p la t ing  down, ce lls  were flooded with
Table 3.3.1.1 Effect of MAA on incorporation of radiolabelled metabolic
precursors by ra t limb bud micromass cultures
Radioisotope Treatment Acid soluble 
(dpm/pg)
Acid insoluble  
(dpm/pg)
Fraction
incorporated
[^S ]S u lp h atea Control 163 + 7 188 + 5
kkk
54 + 1
MAA (3 mM) 103 + 3
•k ic k
116 + 3
kkk
53 + 1
MAA (5 mM) 9 1 + 3 9 1 + 9 50 + 3
[^H]Thymidinea Control 291 + 6 13761 + 177
k k k
98 + 0
MAA (3 mM) 326 + 35 
*
12388 + 184 
* * *
97 + 3
MAA (5 mM) 396 + 70 11332 + 385 97 + 1
[^H]Leucineb CONTROL 77 + 9 6625 + 463 99 + 0
MAA (3 mM) 83 + 5 , 6432 + 309 99 + 0
MAA (5 mM) 82 + 6 6116 + 182 99 + 0
[^ C ]A c e ta te b Control 163 + 8
kk k
1319 + 64
kk
89 + 0
MAA (3 mM) 256 + 27
k k k
1865 + 177
kk
8 8  + 0
MAA (5 mM) 265 + 25 1925 + 189 8 8  + 0
[^C]61ucoseb Control 5 1 + 6 145 + 15
k
74 + 1
MAA (3 mM) 53 + 2 117 + 13 70 + 1
MAA (5 mM) 51 + 7 118 + 2 2 70 + 1
At time 0 ( i e .  a f te r  attachment of c e l ls )  cultures were treated  with MAA and 
rad io lab e l,  and incubated fo r  a 24 h period (Incubation 1, Method 2 . 2 . 4 .1 ) .
Results are means + SD, n = 4, expressed as a dpm/pg DNA or b dpm/pg p ro te in .
Protein was determined as in Method 2 .2 .4 .4 .
*  S ig n if ic a n t ly  d i f fe re n t  from corresponding contro l.
media (containing treatment) and were incubated fo r  2 h. Media was removed 
and replaced with fresh media containing both treatment and rad io lab e l,  
followed by fu r th e r  incubation fo r set exposure times. At termination,  
cultures were removed and analysed fo r  ra d io a c t iv i ty  (Method 2 .2 .4 .2 ) .  
I n i t i a l  time-course experiments determined over what period incorporation  
was linear  (F ig . 3 .3 .1 .2 ) .  A l l  subsequent experiments examined the e f fe c t  
of MAA a f te r  60 and 120 min exposures.
The results  (Table 3 .3 .1 .2 )  show that MAA (5 mM) did not dram atica lly  
e ffe c t  the incorporation of the rad io labelled  precursors studied, suggesting 
that MAA does not have an i n i t i a l  e f fe c t  on the biosynthetic or metabolic 
processes involved. A s l ig h t  e f fe c t  was seen on [^H]leucine incorporation, 
but as th is  was not apparent a t  24 h (Table 3 .3 .1 .2 ) ,  i t  was thought 
u n lik e ly  that th is  represented a true biochemical in s u lt .
3 .3 .1 .3  Incorporation studies in cultures exposed to MAA fo r  24 h (day 0 - 
day 1 ) ,  followed by a rad io label pulse
Incorporation studies were also performed u t i l is in g  a pulse of 
radio label (1-2  h) at the end of a 24 h MAA treatment period (Incubation 3, 
Method 2 .2 .4 .1 .  The resu lts  (Table 3 .3 .1 .3 )  show s im ila r  trends to those in 
Table 3 .3 .1 .1  (rad io label present fo r  a f u l l  24 h exposure).
The incorporation of [^H]thymidine into ac id-insoluble  m ateria l was 
s ig n if ic a n t ly  decreased, as was incorporation of [^ S js u lp h a te  and [ ^ C ] -  
glucose into both acid-soluble and -inso lub le  f ra c tio n s . The incorporation  
of [^ C ]a c e ta te  into acid insoluble material however, was s ig n i f ic a n t ly  
increased by MAA treatment. The la t t e r  e f fe c t  seen on acetate  
incorporation, and that seen in Section 3 .3 .1 .1  might be in d ica t ive  of an 
e ffe c t  on the acetate pool size of the c e l ls .  This p o s s ib i l i ty  was tested  
by studying the incorporation of [^ C ]a c e ta te  by control and MAA-treated 
cultures over the 24 h period (day 0 -day 1), in the presence of increasing  
concentrations of acetate. From Carson et a l .  (1982), i t  was calculated
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that 10% f e ta l  c a l f  serum contained 0.3 mM acetate. The e f fe c t  of MAA on 
acetate incorporation was therefore  studied over the concentration range of 
0.35 mM (standard media) to 1.1 mM acetate, the rad io labelled  acetate  
concentration remaining constant a t  0.038 mM. At a l l  acetate  
concentrations, the MAA e f fe c t  remained the same thus ind icating  that the 
increased incorporation of [^ C ja c e ta te  by MAA treated cultures was not due 
to a pool size e f fe c t  (data not shown).
3 .3 .1 .4  Summary of incorporation studies
The results  in Tables 3 .3 .1 .1  -  3 .3 .1 .3  show the e ffec ts  of MAA 
treatment, on the incorporation of various rad io labelled  metabolic 
precursors by ra t  limb bud micromass cu ltures. Some of these resu lts  have 
been summarised and are shown in Table 3 .3 .1 .4 .  I t  can be concluded tha t:
1) MAA treatment fo r  4 h on day 0, has no e f fe c t  on incorporation of 
any rad io labelled  precursors (with the possible exception of [^H]leucine, 
Table 3 .3 .1 .4 ,  Incubation 2 ) .  MAA does not therefore , have an i n i t i a l  
e ffe c t  on the biosynthesis of DNA, protein or sulphated proteoglycans nor on 
metabolic pathways involving e ith e r  acetate or glucose.
2) At 24 h however, e ffec ts  are apparent with MAA treatment, the most 
s ig n if ic a n t  being on thymidine, sulphate and acetate incorporation
(Table 3 .3 .1 .4 ,  Incubation 1). These resu lts  are mimicked quite  c lose ly  
when radio label is added as a pulse at the end of a 24 h treatment period 
with MAA (Table 3 .3 .1 .4 ,  Incubation 3 ) .  The s l ig h t  d ifference seen in 
sulphate incorporation between these two studies (Incubations 1 and 3) 
cannot be explained. Since sulphate incorporation during the f i r s t  24 h of  
culture is however very low, and is even less a f te r  2  h, the erro r  
associated with the la t t e r  measurement is l ik e ly  to be greater than th a t  of 
the 24 h period. The f ra c tio n a l incorporation of the isotopes was unchanged 
by MAA treatment over a 24 h period (Tables 3 .3 .1 .1  and 3 .3 .1 .3 ) ,  thus 
indicating that the actual mechanisms involved in these b iosynthetic
Table 3 .3 .1 .4  Summary of incorporation studies in ra t  limb bud micromass 
cultures -  E ffect of MAA treatment
Incubation
Radioisotope
( 1)
MAA 0-24 h 
Label 0-24 h
( 2 )
MAA 0-4 h 
Label 2-4 h
(3)
MAA 0-26 h 
Label 24-26 h
[^H]Thymidine
[^S ]S u lphate
[^H]Leucine
[^CjGlucose
[^C ]A ceta te
k k k
9 0 + 1
* * *  
62 + 0
97 + 5 
*
8 1 + 9
* *
141 + 13
102 + 7
90 + 5 
*
90 + 4
89 + 14 
104 + 9
■kick
81 + 3
k k
85 + 5 
100 + 4
k k k
80 + 4
k k k
142 + 5
Results are mean + SD, dpm/pg protein or DNA incorporated into TCA insoluble
m ater ia l,  and are expressed as a percentage of concommitant control values.
*  S ig n if ic a n t ly  d i f fe re n t  from concommitant controls.
Incubation:
(1) Cultures were treated fo r  24 h with MAA (3 mM) in the presence o f each 
indiv idual isotope.
(2) Cultures were treated fo r  4 h with MAA (5 mM), rad io label was added fo r  
the f in a l  2  h.
(3) Cultures were treated with MAA (3 mM) fo r  24 h, rad io label was added, and
the cultures continued fo r  a fu r th e r  2  h.
(Incubations (1 ) - ( 3 )  as in Method 2 .2 .4 .1 ) .
pathways are unaffected. However, cultures treated fo r  24 h with MAA show a 
much decreased protein content, and therefore data obtained at 24 h may 
r e f le c t  secondary events ra ther than an i n i t i a l  insu lt  due to MAA action.
3 .3 .2  E ffect of MAA on g lyco ly t ic  conversion of glucose to lac ta te  by ra t  
limb bud micromass cultures  
The e f fe c t  of MAA on the above process was studied using the same 
method as used in whole embryo cu ltu re .
Micromass cultures were grown in the presence of MAA and [^C jg lucose  
fo r  24 h, an a liquot of media was then taken fo r  chromatography (Method 
2 .2 .5 ) .  The amount of [^C jg lucose u t i l is e d  and lacta te  produced by 
indiv idual micromass cultures is shown in Table 3 .3 .2 .1 .  Control cultures  
u t i l is e d  about 14 nmol glucose/pg prote in /24  h and produced from i t  about 17 
nmol lactate /pg prote in /24  h.
Exposure of cultures to MAA (3 or 5 mM) resulted in a decreased 
conversion of glucose to lac ta te ,  as seen by the drop in percentage lac ta te  
produced (Table 3 .3 .2 .1 ) .  This is as would be expected as a re s u lt  of a 
decreased protein content in MAA treated cultures (25 pg compared to 55 pg of 
contro ls ). I f  results  are standardised (expressed as nmol lac ta te  
produced/pg protein) treatment is seen to have no e f fe c t  on lacta te  
production (Table 3 .3 .2 .1 ) .
A s im ilar  experiment to the above was performed whereby micromass 
cultures were pre-treated fo r  2 h (day 0) with MAA (5 mM), followed by a 
pulse of [^C]g lucose (1-2 h). An a liquot of the media was taken and 
chromatographed (Method 2 .2 .5 ) .  The amount of lac ta te  produced by 
indiv idual micromass cultures is shown in Table 3 .3 .2 .2 .  The g ly c o ly t ic  
conversion of glucose to lac ta te  was unaffected by MAA (5 mM) treatment.
3 .3 .3  E ffect of MAA on growth and p ro l i fe ra t io n  of micromass cultures  
over the 24 h cu lture  period 
The results  in Table 3 .3 .3  show that MAA treatment (5 mM) of micromass
Table 3.3.2.1 Effect of MAA on lactate production by micromass cultures in
Hams F-12 medium
Treatment Glucose 
u t i l is e d  
(nmol/pg 
protein)
Lactate
produced
(nmol/pg
protein)
Percentage
lacta te
(produced)
Percentage
glucose
(remaining)
Control 
(n = 8 )
14.35 + 2.59 17.25 + 2.10 13.26 + 2.19 8 6  + 3
MAA (3 mM) 
(n = 8 )
17.05 + 3.37 19.43 + 2.26 8.40 + 0.78 91 + 1
MAA (5 mM) 
(n = 8 )
17.95 + 5.9 23.95 + 4.19 7.28 + 0.72 92 + 1
Results are mean + SD
Micromass cultures were incubated in the presence of MAA and [^C ]g lucose  
for 24 h (day 0 -  day 1). A sample of media was taken and rad io labe lled  
metabolites separated by paper chromatography (Method 2 .2 .5 ) .
Protein was determined as a Method 2 .2 .4 .4 .
No s ig n if ic a n t  d ifference between treated and contro l.
Table 3.3.2.2 Effect of MAA on lactate production by micromass cultures
pre-trea ted  fo r  2 h with MAA followed by a L^CJglucose 
pulse
Treatment [^C]Glucose  
pulse (h)
Percentage
glucose
(remaining)
Percentage
lactate
(produced)
Lactate
produced
(pmol/pg
protein)
Control 
(n = 3)
1 99.1 + 0.1 0 . 6  + 0 . 1 1956 + 189
MAA
(n = 3)
1 99.2 + 0.1 0.5 + 0.2 1896 + 880
Control 
(n = 3)
2 98.6 + 0.1 1 . 1  + 0 . 2 3476 + 942
MAA
(n = 3)
2 98.5 + 0.0 1 . 1  + 0 . 1 4079 + 625
Results are means _+ SD.
Cultures were pre-trea ted  with MAA (5 mM) fo r  2 h, (day 0 ) ,  followed by a 
1-2 h pulse of [ 1 4 C]glucose. A sample of media was taken and rad io labe lled  
metabolites separated by paper chromatography (Method 2 .2 .5 ) .
Protein was determined as in Method 2 .2 .4 .4 .
No s ig n if ic a n t  d ifference between treated and control.
Table 3.3.3 Effect of MAA (5 mM) on growth and p ro l ife ra t ion  of micromass
cultures over the f i r s t  24 h of culture
Parameter
Measured
Treatment Day 0 a 
( 2  h)
Day 1 
(24 h)
Protein  
(pg, n = 9)
Control 40.1 + 3.7 53.4 + 2.7
MAA (5 mM) 30.7 + 3.3
Cell number 
per 2 0  pi spot 
(x 105 , n = 5)
Control
MAA (5 mM)
3.68 + 0.28 5.44 + 0.52
2.40 + 0.20
Results are mean + SD.
Cultures were plated at 2 x 10^ ce lls /m l (20 pi spots), and a f te r  attachment of 
ce lls  (2 h ), were flooded with medium (Method 2 .2 .2 ) .
The incubation period was in as e ith er  a or b.
a Incubation was fo r  2 h, whereupon spot cultures were taken fo r  e ith e r  
protein determination (Method 2 .2 .4 .4 )  or c e l l  counting (Method 2 .2 .6 ) .
b Incubation was fo r  24 h, whereupon spot cultures were analysed as in a .
cultures reduces the to ta l  protein content over 24 h, by 43%. The protein  
content of treated cultures is in fac t  less than that of the spot cultures  
i n i t i a l l y  plated on day 0. The c e l l  number of control spot cultures has 
increased by 48% over the 24 h incubation period. In MAA treated cultures  
however, the c e l l  number is decreased by 56% of controls at 24 h, and is 
correspondingly lower than the i n i t i a l  c e l l  number plated on day 0 (Table
3 .3 .3 ) .  These results  indicate that MAA a c tu a lly  causes c e l l  death and/or 
c e l l  loss, during the f i r s t  24 h of a micromass cu lture .
3 .3 .4  E ffects of c e l l  density.on the formation o f foci
I t  has previously been established that MAA at a concentration of 5 mM 
fo r  a period of 24 h (day 0 -  day 1 ),  reduces the protein content of 
micromass cultures by 43%, and the c e l l  number by approximately 56% (Table
3 .3 .3 ) .  These results  indicate c e l l  death, and therefore a decreased c e l l  
density.
The following experiments were designed to establish whether 
d i f fe re n t ia t io n  of foci was dependent on c e l l  density, and i f  so whether MAA 
inh ib ited  th is  system in d ire c t ly ,  by decreasing the c e l l  density of the 
culture .
3 .3 .4 .1  E ffect of i n i t i a l  c e l l  density on the formation of foci
The results  in Table 3 .3 .4 .1  show that a reduction in the i n i t i a l  c e l l  
density at which cultures were plated, decreased the formation of foc i and 
subsequent staining with a lc ian blue. At a c e l l  density of 1.0 x 10^ 
ce lls /m l,  the staining was 71% of that observed at a density of 2 x 10^ 
c e lls /m l,  but at a density of 0.5 x 10^ c e l ls /m l,  a lc ian blue sta in  was 
reduced to 7%.
3 .3 .4 .2  Replating of micromass cultures
In th is  experiment, micromass cultures were plated at a v a r ie ty  of 
densities , and were then grown fo r 24 h. Cultures were re -tryp s in ised  and 
replated at a density of 2  x 1 0  ^ c e l l /m l (normal), and were grown under
Table 3 .3 .4 .1  E ffec t o f i n i t i a l  c e l l  density on formation o f foc i by ra t  
limb bud micromass cultures
Density of Absorbance a Percentage
ce lls  plated (day 6  ) of control b
(c e l ls  /m l) (day 6  )
2 .0  x 107  (n = 4) 0 .6 7 1 + 0 .0 2 0  1 0 0 + 3
*
1.5 x 107  (n = 4) 0 .5 6 5 + 0 .0 2 0  8 4 + 3
*
1 . 0  x 1 0 7  (n = 4) 0 .4 7 7 + 0 .0 4 5  7 1 + 7
*
0.5 x 107  (n = 4) 0 .0 4 8 + 0 .0 2 6  7 + 4
3
7
Micromass cultures were plated at the densities shown. 
a Cultures were stained with a lc ian  blue on day 6 . 
b Controls were plated at 2 x 10^ c e l ls /m l.
*  S ig n if ic a n t ly  d i f fe re n t  from contro l. Results are means + SD.
Table 3 .3 .4 .2  E ffect of rep la ting  of micromass cultures, on formation of
foci :
I n i t i a l  p la ting  Absorbance a Percentage of
density (day 6 ) control
(c e l ls /m l ) (day 6  ) b
2 .0  x 107  (n = 10) 0 .3 9 4 + 0 .0 4 0  1 0 0 + 1 0
1.5 x 107  (n = 10) 0 . 3 8 3 + 0 .0 2 2  9 7 + 6
1.0 x 107  (n = 9) 0 . 3 9 4 + 0 .0 6 6  1 0 0 + 1 5
0.5 x 107  (n = 6 ) 0 .3 0 0 + 0 .0 2 1  76 + 5 c
Cultures were plated at the densities shown and a f te r  24 h, were replated at
2 x 10' ce lls /m l and grown fo r a fu r th e r  6  days (Method 2 .2 .7 ) .
a Cultures were stained with a lc ian  blue on day 6 .
b Controls were i n i t i a l l y  plated at 2 x 10^.
c Cell density of these cultures may have been s l ig h t ly  less than 2 x 10^ 
c e l ls /m l,  since neutral red sta in  was 89% of controls.
*  S ig n if ic a n t ly  d i f fe re n t  from contro l. Results are means + SD.
control conditions fo r  a fu r th e r  6  days (Method 2 . 2 . 7 ) .  On day 6  they were 
stained with a lcian blue. The resu lts  (Table 3 .3 .4 .2 )  show that cultures  
plated at abnormally low c e l l  densities and grown fo r 24 h, recovered when 
replated at a density of 2 x 10^ c e l ls /m l .  Even when the i n i t i a l  p lating  
density was reduced to 0 .5  x 10^ c e l ls /m l,  rep la ting  at 2 x 10^ ce lls /m l  
restored the a b i l i t y  to form fo c i ,  (the  alcian blue staining was 76% of that  
at 2 x 10? c e l ls /m l) .  MAA treatment reduced the c e l l  number by about 50% 
(Table 3 .3 .3  )> yet control cultures plated at 1 x 10^ ce lls /m l had th e ir  
a b i l i t y  to form foci restored by rep la ting  at 2 x 10^ ce lls /m l a f te r  24 h.
3 .3 .4 .3  Rep la ting .o f MAA.treated micromass cultures
In th is  experiment, micromass cultures were plated at 2 x 1 0  ^ ce l ls /m l
and were grown in the presence or absence of MAA for 24 h (day 0 - day 1).
At 24 h, cultures were replated (as above) at a density of 2 x 10^ ce lls /m l
and were grown under control conditions fo r  a fu r th e r  6  days (Method 2 .2 .7 ) .
Various parameters were measured and the resu lts  are shown in Tables
3 .3 .4 .3 .1  and 3 .3 .4 .3 .2 .  Replating of the cultures at the correct c e l l  
density did not abolish the MAA treatment e f fe c ts .  Incorporation of 
[^ S ]s u lp h a te  was g rea t ly  reduced in cultures i n i t i a l l y  treated with MAA 
(Table 3 .3 .4 .3 .1 ) ,  as was the staining o f foci with a lc ian blue (Table
3 .3 .4 .3 .2 ) .  Protein content, neutral red staining and [^Hjthymidine 
incorporation were however, the same in both control and treated cultures  
(Tables 3 .3 .4 .3 .1  and 3 .3 .4 .3 .2 ) .
These results  indicate that MAA has a d ire c t  e f fe c t  on d i f f e r e n t ia t io n ,  
that is ,  i t  is not a re s u lt  of a decreased c e l l  density.
Table 3 .3 .4 .3 .1  Replating of control and MAA treated ce l ls  - E ffects on
incorporation of [^H]thymidine and ^SJsulphate
Radioisotope Treatment Acid soluble Acid insoluble Protein
(dpm/pg protein) (dpm/pg protein) (pg)
[^H]Thymidine Control 
(n = 6 )
MAA (3 mM) 
(n = 6 )
MAA (5 mM) 
(n = 6 )
[^S ]S ulphate Control 
(n = 6 )
MAA (3 mM) 
(n = 6 )
MAA (5 mM) 
(n = 6 )
24.1 + 1.0  
2 5 . 0 + 0 . 7  
2 4 . 8 + 1 . 5
1 3 . 5 + 0 . 7
•k-k-k
11.3 + 0.3
kk k
10.7 + 0 .7
8 8 8  + 55 
851 + 42 
941 + 94
303 + 13
kkk
190 + 10
* * *  
152 + 16
194 + 6  
188 + 7 
173 + 24
Table 3 .3 .4 .3 .2  Replating of control and MAA treated  c e l ls  -  Effects  on 
proteoglycan synthesis and c e l l  v i a b i l i t y
Treatment
As percentage of controls
Alcian blue Neutral red
Control (n = 6 ) 
MAA (5 mM, n = 6 )
100 + 7
kkk
61 + 4
100 + 10 
102 + 5
Tables 3 .3 .4 .3 .1  and 3 .3 .4 .3 .2
Cultures were plated at a density of 2 x 107  ce lls /m l and were grown fo r  24 b 
in the above treatments. At 24 h, they were replated at a density of 2 x 107  
ce lls /m l and were grown fo r  a fu r th e r  6  days (Method 2 .2 .7 ) .  Radiolabel 
(Table 3 .3 .4 .3 .1 )  was present fo r  the f in a l  24 h (Method 2 . 2 . 3 .4 ) .  Cultures 
were stained (Table 3 .3 .4 .3 .2 )  on day 6 .
A l l  resu lts  are means + SD.
*  S ig n if ic a n t ly  d i f fe re n t  from corresponding contro l.
4.0  Discussion
4.1 S t ru c tu re -a c t iv ity  re lationsh ips and the e f fe c t  of media differences  
in the micromass culture
Before the micromass cu lture  system could be used fo r biochemical 
studies, the r e l i a b i l i t y  and s e n s it iv i ty  of the system was examined by 
repeating the s t ru c tu re -a c t iv i ty  study carried out previously in whole 
embryo culture (Part 2, Section 3 .1 ) .  Various alkoxy acids and s tructura l  
analogues were assessed using DMEM medium, the reasons fo r th is  being:
1) DMEM is s im ila r  to but r icher than MEM, the medium previously used fo r  
whole embryo cu ltu re .
2) DMEM was o r ig in a l ly  designed fo r  the c u lt iv a t io n  of mouse embryo c e l ls .
3) The micromass culture  technique had been previously established in th is  
unit using DMEM.
Of the compounds tested , m ethylthioacetate, methoxyacetate and 
ethoxyacetate each gave a Teratogenic Hazard Ratio of greater than 1, and 
thus present a teratogenic r is k  (Table 3 .1 .1 .4 ) .  The same rank order of 
potency was observed ie .  Thio > MAA > EAA, irrespective  of whether protein  
determination or neutral red stain was used to ca lcu late the THR. As seen 
previously with whole embryo cu lture  (Part 2, 3 .1 .1 )  the longer chain alkoxy 
acids were much less e f fe c t iv e .  The THR (Table 3 .1 .1 .4 )  was e ith e r  
approximately 1 (eg. PAA, BAA or MPA) or could not be calculated since the 
IC50 fo r  c e l l  v i a b i l i t y  was not reached at the maximum concentration tested ,  
(MBA). As in the whole embryo culture (Part 2, 3 .1 .3 )  methoxyacetamide, 
sarcosine and 2 -methoxyethanol were in e f fe c t iv e  at extremely high 
concentrations (Table 3 .1 .1 .4 ) .  The lack of teratogenic po ten tia l of 2- 
methoxyethanol indicates that the enzymes alcohol and aldehyde 
dehydrogenase, required fo r  the conversion of 2-methoxyetanol to MAA (the  
proximal teratogen, Brown et cU. 1984; R i t te r  et aJL 1985; Scott and Nau, 
1985; Sleet et a l .  1985) are not active  in the culture system. This is in
agreement with a previous study in whole-embryo culture (Yomemoto et a l . 
1984).
However, 2-ethoxyethanol did in h ib it  d i f fe re n t ia t io n  (ICgg fo r  alcian  
blue = 1 5 . 8  mM) but was equally cytotoxic (ICgg fo r neutral red = 17.6 mM), 
the THR being approximately 1 (Table 3 .1 .1 .4 ) .  2-Ethoxyethanol is not 
therefore a cAUecrt. . Furthermore because of the in a c t iv i t y  of 2-
methoxyethanol in the system (Table 4 .1 .1 .4 ) ,  i t  is u n lik e ly  that the 
to x ic i ty  of 2-ethoxyethanol is due to i ts  metabolic conversion to EAA, but 
occurs by a d i f fe re n t  mode o f action.
This observation with 2-ethoxyethanol highlights the issue tha t simple 
c y to to x ic ity  studies are in s u f f ic ie n t  tools (on th e ir  own) fo r  the  
prediction of complex tox ic  endpoints such as te ra to g e n ic ity .  An in v i t ro  
c y to to x ic ity  study of 2 -methoxyethanol, 2 -ethoxyethanol and 2 -butoxyethanol 
in Chinese hamster ovary c e l ls  found 2-butoxyethanol to be fa r  more 
cytotoxic than e ith e r  of the other two (Jackh et cU. 1985). Those results  
are in agreement with the in h ib it io n  o f both metabolic co-operation between 
V79 c e l ls ,  by these compounds (Loch-Caruso et a l .  1984) and hydra ten tac le  
formation (Johnson et a^. 1984). However, te ra to g e n ic ity  of the alkoxy 
acids as assessed by the THR in the limb bud micromass system (Table
3 .1 .1 .4 ) ,  and in whole embryo culture  (Part 2, 3 .1 .1 ) ,  decreases with 
increased chain length, unlike c y to to x ic i ty  of these acids, which does not 
(Jackh et a l .  1985). In th is  study, of the alkoxy acids, MAA is the most 
cytotoxic ( IC 5 Q = 25 mM fo r  neutral red ) ,  but at longer chain lengths, there  
appears to be no p a r t ic u la r  s tru c tu re -c y to to x ic ity  re la tionsh ip  (Table
3 .1 .1 .4 ) .
In the present work, two systems were used to assess c e l l  su rv iva l,  
protein determination and neutral red s ta in ing . The micromass cu lture  
system is used quite extensively to study teratogenic po ten tia l (Caplan, 
1970; F l in t ,  1980; WiIk et a l .  1980; Hassel and Horigan, 1982; F l in t  and
Orton, 1984; F l in t  et a l . 1984; Guntakatta et eH. 1984; K is t le r ,  1985), but 
in most .cases only the e ffec ts  on d i f fe re n t ia t io n  are measured.
I t  is equally important to measure the c y to to x ic ity  of these compounds. 
Alcian blue staining may not distinguish between chemical-induced reductions 
in e x tra c e llu la r  matrix owing to spec if ic  perturbations in matrix protein  
and glycoprotein synthesis, and reductions caused by chemical-induced c e l l  
k i l l in g  or cytostasis . In th is  study, s l ig h t  varia tions are observed 
between the values fo r  IC5 Q' s fo r  protein and neutral red. The neutral red 
assay ( F l in t ,  personal communication) however, was thought to give the most 
re l ia b le  data, the experimental scatter being fa r  less than that observed 
fo r the protein determination.
I t  can be concluded that the limb bud micromass system is sensitive  to 
the alkoxy acids and analogues, and distinguishes between those which are 
potentia l teratogens and those which are not. The rank order of potency (as 
determined from the THR of the compounds), THIO > MAA > EAA is comparable to  
that seen previously in whole embryo culture (Part 2, Section 3 .1 .3 ) .
The results  from th is  study corre la te  well with what is already known 
about the a c t iv i t y  of the parent glycol ethers in v ivo . Both te ra to g e n ic ity  
and te s t ic u la r  to x ic i t y  of the mono a lky l ethers of ethylene glycol are 
assumed to be dependent on the metabolic conversion of the alcohol to the 
corresponding acid (Foster e t ' fH .  1983; Brown et cH. 1984; Moss e t aH. 1985; 
R it te r  et a l .  1985; Scott and Nau, 1985; Sleet et cH • 1385). In vivo 2- 
methoxyethanol and 2 -ethoxyethanol are both teratogenic and te s t ic u la r  
toxicants (Nagano e t a l .  1981; Andrew and Hardin, 1984; Doe 1984; Hanley et  
a l . 1984a, 1984b; Samuels et 1984; Horton et sH. 1985a), whereas 2- 
propoxyethanol and 2-butoxyethanol are not (Hardin et 1984; Nelson et 
a l . 1984; Samuels £ t  aH. 1984; Tyl e t  a]_. 1984; Krasavage and Katz, 1985). 
S im ila r ly ,  MAA and EAA do cause degeneration of pachytene and d iv id ing  
spermatocytes in vivo and in v i t r o ,  whereas PAA and BAA do not (Foster et
a l . 1985; Gray et 1985).
For two reasons, part of the s t ru c tu re -a c t iv i ty  re la tionsh ip  was 
repeated using Hams F-12 medium:
1) To overcome the problems associated with the use of DMEM with and 
without added inorganic sulphate.
2) F l in t  (personal communication) found certa in  of these compounds to be
more e f fe c t iv e  when tested in Hams F-12 medium.
The rank order of teratogenic potency was the same as that observed in
r
DMEM (Table 3 .1 .2 ) .  However, a l l  the alkoxy acids tested we^ e found to be 
fa r  more e f fe c t iv e  in Hams F-12 than in DMEM. For MAA the IC5 Q fo r  
d i f fe re n t ia t io n  was 1.7 mM in Hams F-12, compared to 5.8 mM in DMEM, and fo r  
neutral red the IC5 Q' s were 8 . 8  mM and 25 mM respective ly .
The d ifference in response in the two media seems to be re la ted  to 
differences in severity  of the i n i t i a l  in s u lt ,  ra ther than subsequent 
growth, since i t  was also apparent a f te r  only a 24 h culture period (Table
3 .1 .4 ) .
The d i f fe r in g  teratogenic potentia l o f MAA in Hams F-12 and DMEM media, 
is due to the r e la t iv e  pH of the two media, the pH of DMEM being 7.6 and
t\\
that of Hams F-12 7.1 (a f te r  24 h e q u il ib ra t io n  with CO2 ) .  The a lk a lR a t io n  
of Hams F-12 medium by the addition of e i th e r  extra sodium bicarbonate 
(Table 3 .1 .5 .1 ) ,  or sodium hydroxide (Table 3 .1 .5 .2 ) ,  a l le v ia te d  the e f fe c t  
of MAA (5 mM). The la t te r  is seen as a reduced in h ib it io n  of sulphate 
incorporation from about 60%, to 82-85% of that in the controls , which is 
comparable to previous results  fo r Hams F-12 and DMEM (Table 3 .1 .4 ) .  The 
uptake of [1-^C]MAA was subsequently found to be much higher in Hams F-12 
(2 .50 pmol/pg protein) than in DMEM (1.64 pmol/pg prote in , Table 3 . 1 . 6 ) .  I t  
was shown previously (Part 2, Section 3 .3 .6 )  that the uptake of [1-^C]MAA  
in whole embryo culture is dependent on the pH gradient between the external 
medium and the conceptus. The accumulation of [1-^C]MAA in the embryo is
greater than that of other short chain carboxylic acids (Brown, 1987), and 
is re la ted  to the pka of the acids. Nau and Scott, (1986), have examined 
the uptake of weak acids of low molecular weight in v ivo , and have also 
shown that accumulation is dependent on the pka and the pH gradient.
I t  can be concluded there fore , that the enhanced to x ic i t y  of MAA seen 
when cultures are grown in Hams F-12, is due to the r e la t iv e ly  low pH of the 
medium resu lt ing  in increased uptake of the acid. As cultures were more 
sensitive to MAA in Hams F-12, th is  medium was u t i l is e d  fo r  the 
characterisation studies.
4.2 Characterisation of MAA.action in micromass cultures
Micromass cultures underwent growth and p ro l i fe ra t io n  during the the 6 
day culture period; to ta l  protein content increased 5 -fo ld  and the c e l l  
number increased 3 -fo ld  (Table 3 .2 .1 ) .  The synthesis and deposition of 
matrix proteoglycan also increased with time, mainly during the last 3 days 
of culture (Table 3 .2 .1 ) .  However, the characterisation of growth, 
p ro l ife ra t io n  and synthesis of matrix proteoglycans varies a great deal 
between groups (Hassel et a h  1978; F l in t ,  1980; WiIk et a l . 1980; Hassel 
and Horigan, 1982; Guntakatta et eH. 1984), probably due to a v a r ie ty  of  
factors; fo r  example, p la t ing  density of c e l ls ,  species used, duration o f  
culture and differences in culture media.
From Figs. 3 .2 .2 .1  and 3 .2 .2 .2  i t  can be seen that MAA p r e fe r e n t ia l ly  
in h ib its  c e l l  d i f fe re n t ia t io n  ( [^ S js u lp h a te  incorporation), p r io r  to an 
e f fe c t  on c e l l  growth or p ro l i fe ra t io n  ( [^H]thymidine or [^H]leucine  
incorporation), and a delay in dosing from day 0 to day 1 of the cu ltu re ,  
does not abolish or dram atically  reduce th is  e f fe c t  (F ig . 3 .2 .3 ) .  I t  seems 
.therefore , that the e f fe c t  seen with MAA treatment of micromass cultures is 
not due to the ce l ls  being ' a r t i f i c i a l l y 1 sensitive  d i r e c t ly  a f te r  p la t in g .
The ear ly  experiments examined the e ffec ts  of MAA on the limb bud
micromass culture  system over a 6 day culture period. For biochemical 
studies, to investigate the i n i t i a l  teratogenic in s u lt ,  i t  is necessary to 
avoid measurements on severely abnormal cultures, in which secondary events 
probably have occurred.
The results  in Tables 3 .2 .4 .1  and 3 .2 .4 .2  indicate that MAA treatment 
fo r 24 h (5 mM), has a severe e f fe c t  on the limb bud micromass cu ltures,  
which is apparent when the cultures are grown fo r a fu r th e r  5 days. Under 
these conditions the production of a lc ian blue binding proteoglycans is 
inh ib ited  by 40-50% . Treatment fo r  a fu r th e r  4-5 days in h ib its  c a r t i la g e  
production by 63-70%. These results  might indicate that there are two 
sensitive periods of micromass cultures to MAA treatment. The f i r s t  
sensitive period being the i n i t i a l  24 h, followed by a second period between 
72-120 h. This second period could be re s tr ic te d  to 96-120 h since MAA (5 
mM) treatment fo r  th is  24 h period, did in h ib it  c a r t i la g e  production by 
about 14% (Table 3 .2 .4 .2 ) .  The mechanism(s) by which MAA exerts these 
e ffec ts  is unknown, however, i t  could be at the biochemical level fo r  
example, in h ib it io n  of synthesis of a p a r t ic u la r  gene or p ro te in , or i t  
could be due to an e f fe c t  on a p a r t ic u la r  c e l l  type.
Other studies have shown temporal s p e c if ic i ty  by certa in  teratogens. 
Zimmerman and Tsambaos (1985) show tha t  treatment of micromass cultures from 
whole limb bud of 12-day mouse embryos with 13-cis re t in o ic  acid fo r  1 ,2 ,4  
or 8 h, leads to an i n i t i a l  in h ib it io n  o f c a r t i la g e  development by 40-50%. 
Twelve hour treatment caused a fu r th e r  decrease, and no c a r t i la g e  was 
detectable a f te r  24 h of treatment. This suggested the presence of two c e l l  
populations w ithin the mesenchymal c e l ls  with d i f fe re n t  s e n s i t iv i ty  to 13- 
c is - re t in o ic  acid.
Possibly of greater relevance to the present work, Campbell et a l .
(1985) have shown that micromass cultures are maximally sensitive  to je rv in e  
(a veratrum a lk a lo id ) ,  when they are exposed on days 1-3. Exposure fo r  days
4-6 has l i t t l e  adverse e f fe c t .  Jervine appears to a f fe c t  the c e l l  
population p r io r  to chondrogenesis, but is less e f fe c t iv e  a f te r  the onset of  
th is  process.
4 .3  Meehanisms.of MAA.act ion in micromass cultures
Having established that micromass cultures of day 13 ra t  embryos are 
most susceptible to MAA during the f i r s t  24 h of cu ltu re , th is  time period 
was chosen fo r  biochemical studies.
Various rad io labelled  metabolic precursors were used to conduct 
incorporation studies. The results  in Tables 3 .3 .1 .1  and 3 .3 .1 .3  indicate  
that a f te r  a 24 h treatment of micromass cultures with MAA, various 
synthetic and metabolic pathways are a ffec ted . The most marked e ffec ts  
however, were seen on [ ^ S ] s u l p h a t e  and [^ C ]a c e ta te  incorporation.
MAA (5 mM) inh ib ited  [^ S ]s u lp h a te  incorporation (dpm/pg prote in) into  
both the acid-soluble and -insolub le  fra c t io n s , yet the f ra c t io n a l  
incorporation remained unchanged. In contrast, [^ C ja c e ta te  incorporation  
(dpm/pg protein) into both the acid-soluble and - insolub le  frac tions  was 
enhanced by MAA (5 mM) treatment, but again, the fra c t io n a l  incorporation  
was unaffected (Tables 3 .3 .1 .1  and 3 .3 .1 .3 ) .  These results  ind icate that  
the metabolic pathways involved in the incorporation of [^ S js u lp h a te  and 
[^ C ja c e ta te  are Unaffected by MAA treatment, but that the uptake of these 
precursors is changed. I t  is possible, that these observations r e f le c t  the 
presence of a d i f fe re n t  c e l l  population.
I t  was possible that the increased incorporation of [^ C ja c e ta te  (a 
tracer dose) induced by MAA treatment over the 24 h period (Tables 3 .3 .1 .1  
and 3 .3 .1 .3 ) ,  might r e f le c t  abnormalities in the d is tr ib u t io n  of  
[^ C ]a c e ta te  w ithin the acetate pool o f the c e l ls .  However, the e f fe c t  of 
MAA on incorporation of [^ C ]a c e ta te  remained constant in the presence of 
increasing concentrations of unlabelled acetate. Thus the e f fe c t  of MAA on
acetate incorporation is a true e f fe c t ,  and not due to changes in the 
acetate pool s ize . The increased incorporation of acetate might be due to  
other i n i t i a l  e ffec ts  of MAA in the micromass culture; fo r example the 
red irection  of acetate into or away from certa in  metabolic pathways. As 
suggested previously, the mechanism of acetate incorporation appears 
unaffected as the f ra c t io n a l incorporation is unchanged by MAA treatment, 
but the uptake of the precursor has obviously increased. This might r e f le c t  
a change in the population of c e l ls  present in treated cu ltures. I t  is 
unusual to see an increased ra te  o f incorporation of a metabolic precursor, 
but Clarke and Brown (1987) have observed an increased ra te  of incorporation  
of [^Hjacetate into the cholesterol f ra c tio n  of 10.5 day ra t  yolk-sacs  
treated with valproic acid in whole embryo cu ltu re . They propose that  
valproic acid in h ib its  receptor mediated uptake of cholesterol and tha t the 
yolk-sac responds by a subsequent increased biosynthesis.
MAA severely reduces the to ta l  protein content of cultures throughout 
the 24 h incubation period. A concentration of 5 mM resu lts  in a protein  
content of 50% of that of the controls. I t  is possible there fo re , tha t the 
effec ts  seen in the 24 h incorporation studies (Tables 3 .3 .1 .1  and 3 .3 .1 .3 )  
could be due to secondary e ffec ts  rather than i n i t i a l  e ffec ts  of MAA 
treatment. Incorporation studies on day 0, however, show th a t  MAA had 
l i t t l e  e f fe c t  on incorporation of any of the metabolic precursors into  
macromolecular components (Table 3 .3 .1 .2 ) .  These results  suggest therefore  
that MAA does not have an i n i t i a l  e f fe c t  on any of the b iosynthetic pathways 
ie .  the synthesis of DNA, protein or proteoglycans or on metabolic pathways 
involving e ith e r  acetate or glucose. These results  are in agreement with 
previous resu lts  in whole embryo culture (Part 2, Section 3 .2 ) ,  which have 
shown that MAA does not e f fe c t  the synthesis of DNA or pro te in , nor the  
incorporation of [^ C ]a c e ta te  into macromolecular components. The 
consistency of these results  in both the micromass system and the whole
embryo, indicate that despite the heterogeneity of the whole embryo, the 
resu lts  obtained fo r  DNA and protein synthesis, and acetate incorporation in 
Part 2, 3 .2 ,  are v a l id .
I t  has been suggested th a t  the e ffec ts  of MAA on lac ta te  and 
carbohydrate metabolism of s e r to l i  c e l ls ,  are relevant to i ts  te s t ic u la r  
to x ic i ty  (B eatt ie  et £1 .^ 1984; Pavittranon et a/L 1986). In whole embryo 
culture , however, MAA has no e f fe c t  on the g ly c o ly t ic  conversion of glucose 
to lacta te  (Part 2, Section 3 .2 .5 ) .  This may be because the whole embryo, 
which contains many d i f fe re n t  c e l l  types, is too heterogeneous fo r  e ffec ts  
on only some of them to be detectable. MAA (3 or 5 mM) however, also had no 
e f fe c t  on the g lyco ly t ic  conversion of glucose to lac ta te  over the 24 h 
culture period in the micromass system (Tables 3 .3 .2 .1 .  and 3 .3 .2 .2 ) ,  which 
is more homogeneous and comparable to te s t ic u la r  cultures.
I t  has been established that MAA at a concentration of 5 mM reduced 
the protein content of micromass cultures to 50-60% of the con tro l. The 
c e l l  number is s im ila r ly  a ffected . Both of these parameters are 
subsequently less a t the end of a 24 h culture in the presence of MAA, than 
at time 0 (Table 3 .3 .3 ) .  Also, as discussed above, MAA does not have an 
i n i t i a l  e f fe c t  on e ith e r  DNA synthesis or protein synthesis and thus is 
u n lik e ly  to d i r e c t ly  in h ib i t  the p ro l i fe ra t io n  of v iable  c e l ls .  These 
observations indicate that c e l l  death is occurring as a resu lt  of MAA 
treatment of micromass cultures. I t  has been established that the formation  
of chondrogenic foci in these micromass cultures is dependent on the i n i t i a l  
plating  density (Caplan, 1970). The results  in Table 3 .3 .4 .1  agree with  
these studies. I f  the i n i t i a l  c e l l  density is decreased by 75% ( ie .  0 .5  x 
107 c e l ls /m l) ,  the formation of chondrogenic foci as measured by sta in ing  
with a lc ian blue, is inh ib ited  by 93%. S im ila r ly ,  an i n i t i a l  c e l l  density  
of 1.0 x lo"7 c e l ls /m l,  decreases the f in a l  formation of foci to about 70% of  
corresponding cultures at 2 .0  x 10^ c e l ls /m l.  As i t  has previously been
established tha t MAA treatment (5 mM, 0-24 h) decreases the c e l l  number of 
spot cultures (Table 3 .3 .3 )  these results  suggest the p o s s ib i l i ty  tha t MAA 
exerts an e f fe c t  in d ire c t ly  by decreasing the c e l l  density. The rep la ting  
experiments (Tables 3 .3 .4 .3 .1  and 3 .3 .4 .3 .2 )  however, indicate tha t MAA does 
not appear to exert i ts  e f fe c t  in th is  way.
The results  in Table 3 .3 .4 .2  show that i t  is possible to rep la te  
control cultures of sub-optimal density at 2 x 10^ c e l ls /m l,  and by doing so 
restore th e ir  a b i l i t y  to form chondrogenic fo c i .
When MAA treated cultures are correspondingly rep lated , a f te r  a 24 h 
exposure, the a b i l i t y  to form chondrogenic foci is not f u l l y  restored, thus 
indicating that the e f fe c t  is not due to a decreased c e l l  density. A fte r  
rep la ting  and continued growth in control medium for a fu r th e r  6 days, the 
protein content, neutral red stain and incorporation of [^H]thymidine by 
treated cultures are iden tica l to those of controls (Tables 3 .3 .4 .3 .1  and 
3 .3 .4 .3 .2 ) .  Growth and p ro l i fe ra t io n  of the cultures is not therefore  
affec ted . The a b i l i t y  to form chondrogenic foci is however decreased as, 
re la t iv e  to the controls a lc ian  blue sta in ing of the treated cultures is 
reduced by 39% (Table 3 .3 .4 .3 .2 ) .  Also, in the la t t e r ,  incorporation of  
[^ S js u lp h a te  is in h ib ited . This in h ib it io n  is dose-related and is 50% at a 
concentration of 5 mM (Table 3 .3 .4 .3 .1 ) .  These results  confirm that MAA 
treatment of micromass cultures fo r  24 h ir re v e rs ib ly  in h ib its  
d i f fe r e n t ia t io n .  Even a f te r  restoration  of the c e l l  density to an optimum 
one fo r  foci-form ation the e ffec ts  are not reversed.
There are two possible explanations for the results  observed:
1) MAA has an ir re v e rs ib le  e f fe c t  on the cultured c e l ls ,  ie .  c e l ls  are 
able to 'remember1 that they have been treated with MAA, even a f te r  removal 
of the in s u lt .
2) MAA is p re fe re n t ia l ly  cytotoxic to  the c e l l  population which is 
responsible fo r  chondrogenesis. The resu lt ing  c e l l  population would contain
a d i f fe re n t  proportion of chondrocytes to f ib rob las ts  and thus 
d i f fe re n t ia t io n  re la t iv e  to control cultures would be inh ib ited .
At th is  stage of the study i t  is impossible to determine which of the 
above processes has occurred, although as discussed below, both are 
plausib le .
The ir re v e rs ib le  nature of MAA action in micromass cultures as 
described in (1) above, could be ind ica t ive  of an e f fe c t  at the gene leve l.  
Methylation of gene sequences is believed to function as a gene silencing  
mechanism in eukaryotic c e l ls  and has been considered important in 
d i f fe re n t ia t io n  fo r  some time (Razin and Cedar, 197 /) .  D iscrete changes in 
the methylation pattern d ic ta te  the charac te r is t ics  of d i f fe r e n t ia t in g  c e l ls  
(Razin and Riggs, 1980). Though few genes have been analysed in d e t a i l ,  in 
many cases c e l l  d i f fe re n t ia t io n  is accompanied by a reduction in the methyl 
complement of specif ic  genes. This can be seen by comparing the methylation  
pattern of gene sequences in sperm DNA with the pattern observed in spec if ic  
tissues (Ehrlich et al_. 1982; Razin e t c H .  1984). The mechanism of 
demethylation is unknown, but i t  is suggested that fo llowing DNA re p l ic a t io n  
the maintenance methylase of the c e l l  f a i l s  to methylate certa in  s i te s .  The 
resu lt ing  c e l ls  would contain hemimethylated sites and these s ites  would 
aggregate and y ie ld  many c e l l  types, each with a d i f fe re n t  methylation  
pattern and d i f fe re n t  b io log ica l character is t ics  (Razin and Cedar, 1977). 
There is no evidence fo r  th is  theory, but the drug 5-azacytid ine which 
depresses methylation following rep lic a tio n  does cause b io log ica l changes 
mimicking those of the d i f fe re n t ia t io n  process (Jones and Taylor, 1980). I t  
is possible therefore , that MAA effec ts  the regulation of DNA methylation, 
perhaps by acting as a substrate fo r ,  or in h ib it in g ,  the methylase or 
demethylase enzymes of the c e l l .  This could re s u lt  in enhanced methylation  
of DNA and subsequently inh ib ited  d i f fe r e n t ia t io n .
Sodium butyrate, a s tructura l analogue of MAA ( - C ^ -  replaces the ether
linkage) is teratogenic in whole embryo culture (Brown et 1987) and 
produces very s im ila r  e ffec ts  in the micromass system to those of MAA (data 
not shown). In both cases however i t  is much more potent than MAA ( ie .  10 
fo ld ) .  Butyrate produces many morphological and biochemical modifications  
when added to c e l l  cu ltures. Some occur in a l l  c e l l  lines and others vary 
from one c e l l  type to another ( fo r  review see Kruh, 1982). In most cases 
butyrate induces hyperacetylation of histones (Riggs et j i b  1977; Candido et 
a l . 1978). Histone acety lation  is correlated with gene expression (Sealy  
and Chalkley, 1978; Boffa, 1978), and modifies the a c c e s s ib i l i ty  of 
chromatin to DNAases. Active genes are in an a ltered conformation which 
provides the s tructura l basis fo r  p re fe ren tia l  attack by various nucleases. 
Butyrate induces hyperacetylation of histones by non-competitive in h ib it io n  
of the histone deacetylase (Cousens et £ h  1979), and the e f fe c t  is 
revers ib le  (Boffa et a l . 1978).
Most i f  not a l l  of the e ffe c ts  of butyrate could be brought about by 
histone hyperacetylation, changes in chromatin structures and modifications  
in cytoskeleton assembly (Kruh et a l .  1982). I t  is possible therefore  that  
both MAA and butyrate in h ib it  d i f fe re n t ia t io n  of micromass cultures by 
producing s im ila r  changes at the chromatin leve l.
The second explanation (suggested e a r l ie r )  fo r  MAA action in micromass 
cultures, was a p re fe ren t ia l  c y to to x ic i ty  to the c e l l  population responsible  
fo r chondrogenesis. In a recent study by Scott et a\_. (1987), MAA treatment 
was seen to severely damage the limb bud periderm. Mothers were dosed i .p .  
on day 12 of pregnancy (equivalent to an embryonic age of day 13) with 5 
mM/kg 2-methoxyethanol. An MAA concentration of 10 mM was found in the 
exocoelomic f lu id .  Ten foetuses out of a to ta l  of 87 (11%) showed ventral  
duplication of hind limb d ig i ts ,  but 86/87 had other limb malformations 
usually ectrodacty ly, syndactyly or rad io -u lnar shortening. Thus, ventral 
duplication of hindlimb d ig its  occurs in frequently  and only at high doses of
2-methoxyethanol. This suggests that a dose of 2.5 mM/kg MAA as used in 
th is  study in Part 2, Section 3 .1 .4  was in s u ff ic ie n t  to cause th is  defect, 
however rad io -u lnar shortening and bowing was observed. Scott et £ L  (1987) 
showed that 2-methoxyethanol caused severe damage to the periderm layer, and 
postulate that extra d ig its  are formed as a resu lt  of the embryo try ing  to 
compensate fo r  the damage. This hypothesis, however, does not explain the 
other limb defects produced both in that study (Scott et £ h  1987) and the 
work presented in Section 3 .1 .4 .  Perhaps at lower doses, the severity  of 
the damage is less, and compensation by the embryo does not occur. 
P re fe ren tia l  c y to to x ic ity  of the peridermal c e l l  layer may be occurring as a 
resu lt  of the 2-methoxyethanol treatment (Scott et £ h  1987), or i t  might 
just r e f le c t  the continual exposure of these c e l ls  to the in s u lt .  Other 
ce lls  may be equally sensitive i f  exposed to the same extent.
I t  is known that the und iffe ren tia ted  mesenchyme of the e a r ly  chick 
limb bud consists of at least two d is t in c t  populations of progenitor c e l ls ,  
one that gives r is e  exc lus ive ly  to ske le ta l muscle and the other gives r is e  
to c a rt i lag e  and connective tissue o f the limb (C hevallie r  et a/L 1977; 
Christ et a l . 1977). Increasing evidence indicates that the chondrogenic 
and myogenic progenitor ce l ls  of the limb mesenchyme are d iscrete pre­
determined subpopulations of c e l ls  which, although morphologically  
indistinguishable are committed to d i f fe r e n t ia te  into spec if ic  phenotypes 
(Dienstman et aJL 1974; Newman et a l .  1981; Hauschka and Rutz, 1983; Sasse 
et aH. 1984; Kenny-Mobbs, 1985; Kosher and Rodgers, 1987).
Micromass cultures derived from the 13-day ra t  limb bud however give 
r is e  to chondroblasts and f ib rob las ts  but do not produce myoblasts. I t  is 
l ik e ly  therefore that the c e l l  population i n i t i a l l y  plated would contain 
chondrogenic and f ib ro b la s t ic  progenitor c e l ls .  I f  MAA had a p re fe re n t ia l  
c y to to x ic ity  (as suggested in (1 ) )  fo r  chondrogenic progenitor c e l ls ,  the 
ra t io  of chondroblasts to f ib rob las ts  would be a ltered in the f in a l  cu ltu re ,
that is a d if fe ren t ce ll population would be present.
The micromass cultures presented in th is  section have indicated e ith er  
a cytotoxic action of MAA, which may be p re fe ren t ia l  fo r pre-chondrogenic 
ce lls  or perhaps that MAA has a biochemical e f fe c t  at the gene le v e l .  At 
present, however, there is no known biochemical mechanism to explain the 
limb defects produced in vivo (Horton et a l .  1985; R i t te r  et an. 1985; Scott 
et cH. 1987), but studies using the micromass culture system could be a 
useful tool fo r  throwing l ig h t  on th is  problem.
PART FOUR
GENERAL DISCUSSION
1.0 General discussion
Methoxyacetate (MAA) is a d irec t  acting teratogen towards ra t  
conceptuses in whole embryo cu lture , and produces dysmorphogenesis and 
growth re tardation . In the limb micromass culture  MAA is also e f fe c t iv e ,  
and in h ib its  d i f fe re n t ia t io n  (the formation of chondrogenic f o c i ) ,  at lower 
concentrations than i t  e ffec ts  growth. S t ru c tu re -a c t iv ity  re lationships  
using these two in v i t ro  culture techniques produced the same rank order of 
teratogenic potency; methylthioacetate > methoxyacetate > ethoxyacetate. The 
other alkoxy acids were e ith e r  in e f fe c t iv e ,  or much less e f fe c t iv e .  I f  the 
alkoxy acids alone are considered, chain length is important, a chain length 
of 4 producing the most potent e f fe c t  (MAA). The position of the ether 
linkage w ithin the molecule also determines a c t iv i t y ,  as see^with the 
structura l isomers EAA and MPA (EAA being fa r  more e f fe c t iv e  than MPA).
These isomers do however, d i f f e r  in th e ir  pka values, ie .  3.36 and 4.46  
respective ly . A s im ilar  pa ir  of s tructura l isomers PAA and MBA also have 
d if fe r in g  pka values (3.65 and 4.68 resp e c t ive ly ) ,  with l i t t l e  d ifference in 
overall a c t iv i t y .  A c t iv i ty  is not therefore correlated with pka neither is 
there any corre la t ion  with l ip o p h i l ic i t y .  Substitutions at the ether 
linkage ( - 0 - )  of MAA produces compounds with widely d i f fe r in g  a c t i v i t i e s .
The sulphur analogue (methylthioacetate) is more e f fe c t iv e  than MAA whereas 
the nitrogen analogue (sarcosine) lacks a c t iv i t y .  The carboxyl group also 
appears to be a prerequis ite  fo r  a c t iv i t y  since methoxyacetamide and 
methoxyacetylglycine are inactive , a l te rn a t iv e ly  the uptake of these 
compounds may be d i f fe re n t .  Methoxyacetylglycine is produced as a 
metabolite of MAA in the ra t  (Moss et j f L  1985), but i ts  in a c t iv i t y  in th is  
study indicates that i t  is not the proximate teratogen. The absence of 
a c t iv i t y  seen with sarcosine in the culture systems indicates tha t the 
teratogenic response is not due to the accumulation of sarcosine. This 
might be expected to occur since MAA has been shown to be a competitive
in h ib ito r  of sarcosine dehydrogenase (F r is e l l  and Mackenzie 1955; Porter et 
a l . 1985). G lycolic acid, another possible metabolite of MAA (produced by 
O-demethylation), was e f fe c t iv e  in whole-embryo culture but, as i t  produced 
very d i f fe re n t  defects to MAA, is u n lik e ly  to be the proximate teratogen.
The results  from these studies corre la te  well with what is already  
known about the te ra to g en ic ity  of the parent glycol ethers in v ivo . The 
te ra to g en ic ity  of the mono a lky l ethers of ethylene glycol is assumed to be 
dependent on the metabolic conversion of the alcohol to the corresponding 
acid (Brown et £ h  1984; R i t te r  et ajl. 1985; Scott and Nau, 1985; Sleet et  
a l . 1986). In v ivo , 2-methoxyethanol and 2-ethoxyethanol are teratogenic  
(Nagano et £ K  1981; Andrew and Hardin 1984; Doe, 1984; Hanley et £ h  1984a, 
Horton et aJL 1985a), whereas 2-propoxyethanol and 2-butoxyethanol are not 
(Hardin e t  a [ .  1984; Nelson a l . 1984b; Krasavage and Katz, 1985).
2-Methoxyethanol is inactive  in whole embryo culture (Yonemoto et a l .  
1984), and s im ila r ly  was inactive  in the micromass culture system. This 
suggests that both alcohol and aldehyde dehydrogenase, the enzymes required  
fo r the conversion of the alcohol to the acid, are not present in the 
culture systems. Conversely, 2-ethoxyethanol was e f fe c t iv e  in micromass 
cultures but was equally in h ib ito ry  to both d i f fe re n t ia t io n  and growth. The 
in a c t iv i ty  of 2-methyoxyethanol suggests that th is  e f fe c t  with 2-ethoxy­
ethanol is not produced by conversion to EAA, but occurs by some other mode 
of action.
The study indicates that there are specific  s tructura l requirements fo r  
teratogenic a c t iv i t y  of these compounds. I t  is possible that the i n i t i a l
in teraction  of these compounds w ithin the c e l l  might be with a "receptor"
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(the target molecule) with s tructura l preferences that include a chain 
length of 4 and a free  carboxyl group. The presence and position of the 
ether linkage are equally important, since substitu tion  with -NH- abolishes 
a c t iv i t y ,  whereas -S- enhances i t .  I t  is possible that these sub stitu tions ,
and the position of the ether linkage e ffec ts  the shape of the molecule ( fo r  
example, bond angles or bond lengths) and thus produce a conformation which 
e ith e r  enhances or worsens the f i t  o f the molecule w ithin the "receptor"
(eg. an enzyme of intermediary metabolism).
In whole-embryo cu ltu re , the uptake and d is tr ib u t io n  of MAA was rapid .  
Equilib ra tion  values were reached w ithin 20 min fo r  the embryo and yolk-sac,  
and 40 min fo r  the exocoelomic f lu i d .  The conceptus appeared to concentrate 
MAA, as the exocoelomic f lu id  concentration was about 1.7 fo ld  tha t of the 
external medium. The uptake of MAA seemed to be by simple d iffus ion  as 
there was no indication of e i th e r  a threshold or saturation concentration  
over the concentration range tested . The presence of serum in the medium 
had no e f fe c t  on the d is tr ib u t io n  of MAA throughout the conceptus, and 
m icropartit ion  studies confirmed that MAA is not bound to serum proteins.
The uptake of MAA into each compartment of the conceptus was highly  
dependent on the pH of the external medium and was determined by the pH 
difference between the medium and the conceptus. The pH of the media was 
equally important in limb bud micromass cu ltures. Studies showed that MAA 
was fa r  more e f fe c t iv e  in Hams F-12 medium than in DMEM, and th is  was found 
to be due to the r e la t iv e  acid ic  pH of Hams F-12 (7 .1 )  compared to DMEM 
( 7 .6 ) .  The a lk a l is a t io n  of Hams F-12 g rea t ly  reduced the effectiveness of  
MAA in the micromass cu ltu re . The uptake of [1-^C]MAA was also greater in 
Hams F-12 than in DMEM, confirming the importance of media pH in such 
studies. The results  indicate tha t the uptake of [1-^C]MAA e ith e r  into the 
conceptus, or into limb bud micromass cu ltures, is dependent on the pka of  
the acid, the pH of the culture medium and the pH gradient between the c e l l  
and the media. I t  was calculated that the pH of the exocoelomic f lu id  was 
7 .7 .
Studies using the whole animal in vivo (M i l le r  et cU. 1983; Moss et a l .  
1985; Sleet et a l .  1986) have shown that 2-methoxyethanol is metabolised and
r
is excreted as MAA and methoxyacetylglycine ( in  the u r in e ) ,  and CO2  is 
evolved. These studies imply that fu rther  metabolism of MAA occurs, and 
therefore a CoA deriva tive  of MAA must form. Nau and Scott (1986) have also 
shown that MAA accumulates in the conceptus at concentrations twice that of  
maternal blood, but there is no information ava ilab le  to establish whether 
fu rthe r  metabolism of MAA occurs in the embryo, or is confined to the 
maternal compartment. In th is  study the metabolism of [1-*^C]MAA was 
assessed using whole embryo cu ltu re . Radiolabel derived from MAA, was not 
incorporated into macromolecular frac tions  ( l i p i d ,  RNA, DNA or protein) of 
the developing conceptuses (a f te r  a 48 h exposure). A ll  [1-^C]MAA derived 
radio label was recovered in the acid-soluble phase. The la t t e r  f ra c t io n  was 
analysed fo r free  metabolites of MAA (as was the culture media) by HPLC. 
There was no evidence of methoxyacetylglycine as a metabolite ( in  e i th e r  
^ tissue samples or media samples), which indicated that the conceptus was 
\  unable to form the CoA d eriva tive  of MAA. A study by Brown et cH. (1985), 
also showed that the same developmental age conceptus was unable to form 
valproyl-CoA. I t  seems u n lik e ly  tha t MAA is fu r th e r  metabolised by the 
conceptus. Extracts of embryonic tissue samples on HPLC however, did show 
an increase in rad io label in peak 1 (co -e lu ting  with the impurity peak of  
the ra d io la b e l) .  I t  has not been established whether the increase seen in 
th is  peak is due to production of a m etabolite, or concentration by the 
conceptus of the already present impurity.
A standard solution of g lyco lic  acid (possible metabolite of MAA) had a 
retention  time of 1.9 min by HPLC, which corresponded to the radio label  
peak 1. In whole-embryo cu ltu re , however, g lyco lic  acid produces very 
d if fe re n t  defects to MAA, and i t  is therefore u n lik e ly  tha t  g lyco lic  acid 
even i f  produced by the embryo, is the proximate teratogen.
In both whole embryo culture and limb bud micromass cu ltu re , sensitive  
periods fo r  MAA treatment were observed. In a 48 h embryo cu lture  (9 .5 -1 1 .5
days), the most sensitive  period fo r  exposure of conceptuses to MAA was 17- 
24 h. MAA treatment at a concentration of 5 mM over th is  8 h period was 
s u ff ic ie n t  to produce marked abnormalities when examined at 48 h. In 
micromass cultures, the f i r s t  24 h (day 0-day 1) was found to be the most 
sensitive period fo r  MAA treatment when examined on day 6. These sensitive  
treatment periods were subsequently used fo r  biochemical studies.
Using both culture systems, i t  was shown that MAA did not evoke a 
teratogenic response via an i n i t i a l  in h ib ito ry  e f fe c t  on e ith e r  DNA 
synthesis, protein synthesis, the g lyco ly t ic  conversion of glucose to 
lac ta te ,  nor the metabolism of acetate. S im ila r ly ,  MAA treatment did not 
in h ib it  yolk-sac pinocytosis, nor did i t  in h ib it  the incorporation of 
sulphate into proteoglycans of micromass cultures (day 0 ) .  However, at the 
end of a 24 h treatment of micromass cultures with MAA (5 mM), s ig n if ic a n t  
effec ts  were seen on the incorporation o f various rad io labelled  metabolic 
precursors. The most marked e ffec ts  were seen on the incorporation of [ ^ S ]  
sulphate and [^ C ]a c e ta te .  MAA (5 mM) inh ib ited  sulphate incorporation, but 
enhanced that of acetate. In both cases the f ra c t io n a l incorporation was 
unaffected, indicating that the metabolic pathways involved were unaffected  
by MAA, but that the uptake of the precursors was changed. (These 
observations might r e f le c t  the presence of a d i f fe re n t  c e l l  population).  
A fter incubation fo r  24 h in the presence of MAA (5 mM) (day 0-day 1 ) ,  the 
protein content and c e l l  number of the micromass cultures, were respective ly  
43% and 56% of controls. In both cases these values are less than those at  
the beginning of the culture (day 0 ) .  These results  indicate e i th e r  c e l l  
death or a l te rn a t iv e ly ,  that MAA induces detachment of ce l ls  from the p la te .  
In e i th e r  case, the c e l l  density o f the micromass cu lture  would be reduced. 
Thus i t  is l ik e ly  that biochemical measurements taken at 24 h r e f le c t  
secondary events due to MAA treatment, ra ther than the i n i t i a l  in s u lt .
Replating experiments were performed to establish whether MAA inh ib ited
s\\ sp Vi
d i f fe re n t ia t io n  of micromass cultures in d ire c t ly ,  by decreasing the c e l l  
density of the culture as a resu lt  of c e l l  death. Control cultures of sub- 
optimal density were successfully replated at a density of 2 x 10^ c e l ls /m l,  
and th e ir  a b i l i t y  to form chondrogenic foci restored. MAA treated cultures  
(24 h, day 0-day 1) were also replated at 2 x 10^ c e l ls /m l.  Replating was 
successful, as growth and c e l l  p ro l i fe ra t io n  of the cultures were identica l  
to the replated control cu ltures. D if fe re n t ia t io n  however, remained 
s ig n if ic a n t ly  in h ib ited , the a b i l i t y  of these cultures to form chondrogenic 
foci was not restored.
The results  indicate that MAA d i r e c t ly  in h ib its  d i f fe r e n t ia t io n ,  that  
is ,  the e f fe c t  is not produced as a resu lt  of a decrease in c e l l  density.
There are two possible explanations fo r  the results  observed:
1) MAA has an ir re v e rs ib le  e f fe c t  on the cultured ce lls  ie .  ce l ls  are able 
to 'remember' that they have been treated with MAA
2) MAA is p re fe re n t ia l ly  cytotoxic to the c e l l  population which is 
responsible fo r  chondrogenesis. The resu lt ing  c e l l  population would contain 
a d i f fe re n t  proportion of chondrocytes to f ib rob las ts  and thus 
d if fe re n t ia t io n  r e la t iv e  to control cultures would be less.
Although both of the above suggestions are p lausib le , at th is  stage of 
the study, i t  is impossible to determine which has occurred. Further 
studies which might enable c la r i f ic a t io n  are discussed below.
F i r s t ly ,  the i r re v e rs ib le  nature of MAA action in micromass cultures as 
described in (1) above could be ind icative  o f an e f fe c t  at the gene le v e l .
I t  is possible that MAA e ffec ts  the regulation of DNA methylation, or 
perhaps i t  results  in hyperacetylation o f histones. Methylation of gene 
sequences is believed to function as a gene silencing mechanism, whereas 
acety lation  of histones is correlated with gene ac t iva t io n .
To assess the p o s s ib i l i ty  tha t MAA a lte rs  the pattern of DNA 
methylation, DNA could be extracted from control and treated micromass

cultures a f te r  a 24 h incubation (day 0-day 1). Duplicate samples of DNA 
would be digested with re s t r ic t io n  enzymes. Two enzymes would be used, one 
of which cleaves both non-methylated and methylated s ites  (eg. Msp I ) ,  the 
other would cleave only non-methylated s ites  (eg. Hpa I I ) .  I f  certa in  sites  
were methylated, the DNA fragments produced by these re s t r ic t io n  enzymes 
would d i f f e r .  DNA fragments would then be separated on an agarose ge l. This 
could be followed by a southern b lot and gene probing to enable i d e n t i f i ­
cation of the DNA fragments.
S im ila r ly ,  histones could be isolated from control and treated  
micromass cultures. Histones can be separated by e lectrophoretic  analysis. 
Histones H3 and H4 from erythroleukemic ce lls  and Hela c e l ls ,  become 
hyperacetylated upon incubation with 5 mM butyrate, and are shown as slower 
migrating bands by electrophoresis (Riggs et 1977). Butyrate (a potent 
teratogen and s tructu ra l analogue of MAA) is known to modify gene expression 
in th is  way, however the concentration required is much higher than tha t  
required fo r  e ffec ts  in whole embryo or micromass cultures.
The second explantation, that MAA action in micromass cultures might be 
due to p re fe ren t ia l  c y to to x ic ity  against the c e l l  population responsible fo r  
chondrogenesis, is d i f f i c u l t  to study fu r th e r .  I t  is l ik e ly  tha t a t  th is  
early  stage of culture the micromass c e l l  population consists of 
chondrogenic and f ib ro b la s t ic  progenitor c e l ls .  Separation of these c e l ls ,  
at th is  stage of cu ltu re , has not been described in the l i t e r a tu r e .  I f  
separation of the c e l l  types could be achieved, the s e n s it iv i ty  o f  the c e l l  
populations to MAA treatment could be studied, as could d ifferences in 
incorporation of metabolic precursors.
P re fe ren tia l  c y to to x ic i ty  is a p o s s ib i l i ty  fo r  the mechanism of action  
of MAA. Scott (personal communication) dosed pregnant ra ts  on day 13 with 
MAA, and a f te r  a short exposure, embryos were removed, f ix e d , sectioned and 
examined. Abnormal c e l l  death in the limb bud was concentrated in the
t  v O  > c.-^Ls_ 3  ^  > v lr< rv j r ~ S > S  ro^> <-J l ^  —'T  * V vl).
C -r~ '^ A - S  ^  c(~  _£^<2^~r^ * d ^ r~ Q ^ rc*~zs~ t j  > ^  r>v»^wC%-j 1tv#3<a c - v L v ^
"core" region, corresponding to the chondroblast c e l l  population, indicating  
p re fe ren tia l  c y to to x ic i ty .  This study has also shown possible se lective  
c y to to x ic ity  in micromass cu ltures. The e ffec ts  seen both in whole embryo 
culture and in vivo might also be due to c e l l  death. Perhaps the 
in t ra c e l lu la r  pH of d i f fe re n t  tissues might vary s u f f ic ie n t ly  to cause 
differences in the uptake of MAA, and thus lead to se lective  c e l l  to x ic i t y .
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RAWLINGS, S.J., M. WEBB and N.A. BROWN, MRC 
Toxicol. & Expl. Embryol. & Teratol Units, MRC 
Labs, Carshalton, U.K. Methoxyacetic acid (MAA) 
action on rat limb bud micromass (MM) cultures.
We are studying the mechanism of teratogenicity 
of MAA, using the MM model. For validation, MM 
were exposed, for the 6d culture, to MAA and 10 
analogues, in DMEM + 10%FCS medium. IC50's were 
determined for inhibition of differentiation 
([D]) and growth ([C]) by staining with alcian 
blue and neutral red, respectively, on day 
6. The SAR in MM was very similar to that in 
whole embryo culture: methylthioacetate, MAA 
and ethoxyacetate were most effective, with 
[C]/[D] ratios of 5.5, 4.3 and 2,7. This
supports MM as a valid model. Further studies 
used Ham's F-12 + 10% FCS medium, in which MAA 
was more potent. Uptake of 14C MAA (pmol/pg 
prot) was 8.2 in DMEM and 12.5 in Ham's. Media 
pH's were 7.38 and 7.76 for Ham's and DMEM. 
Potency of MAA diminished with alkalinization 
of Ham's. These data suggest that differences 
between intra- and extra- cellular pH's affect 
the uptake of MAA. Single day exposures to MAA 
over the 6d culture showed that the first 24h 
was most sensitive. The action of MAA [5mM] on 
incorporation of glucose, acetate, leucine, 
thymidine, and sulphate was examined over this 
period. Only sulphate was markedly reduced (to 
48%), suggesting an early action on different­
iation. However, cell numbers (total pg DNA) 
were also reduced (to 54%) suggesting that cell 
density may be a factor. After 24h, control and 
MAA-exposed cells were trypsinized, suspended, 
washed and replated at the original density of 
2xl05cells/10pl spot. Controls grew normally 
but alcian blue staining of MAA cultures was 
inhibited to 61% (neutral red = 102%). This 
suggests an irreversible action of MAA on 
mesenchyme differentiation. DNA methylation is 
being examined as a potential site of action.
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The mechanism of teratogenicity of the monoethers o f ethylene glycol (R -0 -C H 2C H 20 H )  is being studied. 
2-Methoxyethanol (M E , R =  C H 3) and 2-ethoxyethanol (E E , R =  C 2H 5) are teratogenic in laboratory species 
in v ivo  whereas 2-propoxyethanol (R  =  C3H 7) and 2-butoxyethanol (R  =  C4H 9) are not (E C E T O C , 1985). These 
glycol ethers are metabolized to the alkoxy acetic acid metabolites (R -0 -C H 2C 0 0 H )  and previous work has 
shown that methoxyacetic acid (M A A , R  =  C H 3) is the proximal teratogen of M E  (Brown et a l.. 1984; Yonemoto  
et a l.,  1984). W ith rat-embryo culture the effects o f the alkoxy metabolites of the 4-glyco! ethers above have now 
been studied (M A A ; ethoxyaceticacid, E A A ; n-propoxyacetic acid, P A A ; n-butoxyacetic acid, B A A ) to assess 
whether differences in teratogenicity o f the glycol ethers are due to disparate intrinsic activities o f their 
metabolites or perhaps dissimilar physiological disposition in  v ivo. To  gain further insight into the structural 
requirements for teratogenic activity we have also examined the effects of 3-methoxypropionic acid (M P A ) and 
4-methoxybutyric acid (M B A ) , structural isomers o f E A A  and P A A  respectively.
Conceptuses were explanted at 9.5 days embryonic age and cultured for 48 h in 75%  rat serum, 25% M E M ,  
with or without alkoxy acid at 1-10 m M . For each dose of each acid 14-24 conceptuses were used. A t the end of 
culture, conceptuses were measured, morphological development was scored and protein content o f embryo and 
yolk sac was determined. Each o f the acids induced embryonic structural abnormalities and growth retardation, 
but potency and severity of effect varied widely. The percentage of embryos cultured which developed structural 
defects are shown below for 2 and 5 m M treatments.
Table 1
BAA PAA E A A M A A M PA M B A
c 4i u o c h 2c o o h C3H 7O C H 2C O O H C2H 5OCH2C O O H CH3O C H 2C O O H C ll3OC2H 4C O O H C H 3OC3H 6C O O H
2 m M 8 7 44 67 25 0
5 mM 29 64 100 100 29 21
M ore severe defects were induced by M A A  and E A A . For example, at 5 mM 100% o f M A A - and 36%  of 
EA A-treated embryos had infused brain folds (exencephaly) which was not induced by any other acid at any 
concentration. Thus, increasing the overall length o f these alkoxy acids decreases embryotoxicity and this effect 
is more marked for the chain between the carboxyl group and ether linkage (cf. E A A  v. M P A  and P A A  
v. M B A ).
It is possible that these acids might differ in distribution within the whole embryo culture system. Distribution  
is determined by pH  partition, since the embryonic compartment is relatively alkaline and by protein binding 
in the medium (N . A . Brown, unpublished work). The p/Cas of these acids (3 .5 -4 .7 ) do not vary sufficiently to 
significantly affect partition. M A A  is not significantly protein bound (unpublished) and, although the binding of 
the other acids has yet to be determined, they are unlikely to differ sufficiently at these total medium  
concentrations to account for the differences in potency. In  conclusion, the disparate teratogenicities of the 
monoethers of ethylene glycol in  v ivo  can be explained by the intrinsic embryotoxic potential o f their alkoxy acid 
metabolites. A lkoxy acetic acids of short chain length are most active at the embryonic site o f action, but this site 
has yet to be identified.
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S U M M A R Y
Alkoxy acids are the active metabolites o f teratogenic glycol ethers. To examine the relationship o f 
chemical structure to embryotoxicity, the effects o f 6 acids on the development o f 9.5-day rat embryos 
over 48 h in culture were studied. Methoxyacetic acid (M A A ) and ethoxyacetic acid (E A A ) (5 m M ) were 
growth-retarding and induced gross structural defects, with M A A  being more effective. /7-Propoxyacetic 
acid (/7-P A A ) and /7-butoxyacetic acid (/7-B A A ) (5 m M ) were markedly less embryotoxic and produced 
only minor anomalies. Thus, the activities o f these substituted acetic acids decreased with the increase 
in the length of the alkoxy chain. 3-Methoxypropionic acid (3 -M P A ) and 4-methoxybutyric acid 
(4 -M B A ) (5 m M ) were much less active than M A A  and induced only minor defects. Therefore in this 
series: R O (C H 2)nC O O H , an increase in the value o f n caused a greater reduction in embryotoxicity than 
did an increase in chain length o f the alkyl group R.
IN T R O D U C T IO N
The teratogenicity o f  the m onom ethyl and m onoethyl ethers o f ethylene glycol,
2-methoxyethanol (ME) and 2-ethoxyethanol (EE) has been dem onstrated con-
Abbreviations: /7-B A A , /7-butoxyacetic acid; BE, /7-butoxyethanol; E A A , ethoxyacetic acid; EE, 2-eth­
oxyethanol; M A A , methoxyacetic acid; 4 -M B A , 4-methoxybutyric acid; M E , 2-methoxyethanol: M E M ,  
minimum essential medium; 3 -M P A , 3-methoxypropionic acid; /7-P A A , /7-propoxyacetic acid PE, n- 
propoxyethanol.
*T o  whom correspondence should be addressed.
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sistently in several test species by a variety o f routes o f  adm inistration [1-6]. O ther 
straight chain glycol m onoethers have not been so extensively studied. There are no 
da ta  currently available on 2-propoxyethanoI (PE), although 2-butoxyethanol (BE) 
has been shown to be neither embryotoxic nor teratogenic in rats [3,7].
Both ME and EE are metabolised rapidly in vivo to methoxyacetic acid (MAA) 
[8] and ethoxyacetic acid (EAA) [9,10], respectively. BE is also known to be oxidised 
in the dog, rabbit and rat to butoxyacetic acid [11,12].
Evidence from  previous studies led to the conclusion that M AA is the proximal 
teratogen o f ME. Thus, in whole embryo cultures, which lack alcohol and aldehyde 
dehydrogenases, M AA interferes with norm al growth and m orphogenesis, whereas 
ME is w ithout effect [13]. Also in vivo the teratogenic effects o f M AA and ME in 
the rat are very sim ilar, if not identical [14]. It seems highly likely tha t any potential 
teratogenicity o f the other glycol m onoethers would also be m ediated by the cor­
responding alkoxy acid metabolites.
As part o f studies on the mechanism of teratogenicity o f the glycol ethers, struc­
ture-activ ity  relationships have been determ ined for a series o f alkoxy acids, with 
whole rat em bryo culture as the model system. The results o f  this work are presented 
here.
M A T E R IA L S  A N D  M E T H O D S
Chemicals
E agle’s m inim um  essential medium was purchased from  Gibco, Uxbridge, U .K .; 
M AA from  Aldrich Chemical Co., Gillingham, U .K .; and EAA from  BDH, Poole, 
U .K . PA A  and BAA were kind gifts from  Dr. E .J . Moss o f the British Industria l/ 
Biological Research Association. 3-M PA was synthesised by acidic hydrolysis o f
3-m ethoxypropionitrile (Fluka) followed by distillation, and 4-M BA by m ethylation 
o f sodium 4-hydroxybutyrate with dimethyl sulphate [15].
Preparation o f  sodium salts and stock solutions
All the acids were used as the sodium salts th roughout the study.
A queous solutions o f /7-PAA, «-BAA, 3-M PA  and 4-MBA were neutralised with 
sodium  hydroxide (1 N) and lyophilised. The solid salts were washed with diethyl 
ether, collected by filtration  and dried in vacuo. N a-M A A  was prepared as described 
previously [13].
Stock solutions (20 mM) of these sodium  salts were prepared in M EM , EAA (18.9 
/xl) was neutralised with IN NaOH (200 /d) and diluted to the same concentration 
(20 mM) with M EM . All solutions were filtered (0.22 /*M) prior to  use.
Embryo culture
The embryo culture system was based on th a t o f New [16], as described previously 
[13]. Female W istar-P o rton  strain  rats were caged with males overnight. If  vaginal
plugs were found the following m orning, this was designated day 1 of gestation. 
During the afternoon o f day 10, conceptuses were explanted (embryonic age 9.5 
days).
After the elimination o f retarded conceptuses, the rem ainder were transferred in 
pairs into 40-mi bottles that contained 3 ml o f immediately centrifuged, heat- 
inactivated male rat serum and 1 ml M EM , or a solution o f the test com pounds in 
MEM! Conceptuses from  each individual litter were divided equally between both 
control and treatm ent bottles. Bottles were rolled for 48 h at 31.5°C. The gas phase 
in the bottles was initially 5% O 2 , but was replaced by 20% O 2 at 17 h and 40% 
O 2 at 25 h (CO 2 rem ained at 5% , the balance being N 2 ).
At the end o f the culture period, conceptuses were transferred into saline and ex­
amined. Crow n-rum p length, head length and yolk sac diam eter were measured us­
ing a micrometer eyepiece, and the degree o f differentiation and development was 
evaluated by a morphological scoring system, described in detail by Brown and 
Fabro .[17]. According to this procedure, the different developmental stages of 
various m orphological features are assigned a score o f 0-5, and the numerical total 
o f scores for an individual embryo is taken as the overall morphological score. This 
system provides a precise index of embryonic development, aiding the detection of 
retardation or dysmorphogenesis o f specific prim ordia.
Embryos and yolk sacs were washed in saline, homogenised by sonication, and 
samples were taken for protein determ ination [18]. The significance o f the results
was assessed by S tudent’s /-test.
\
RESULTS
A t the 9.5-day explantation stage, the rat conceptus had 0-2 pairs o f somites and 
m easured 1.5 mm in diameter; the em bryonic protein content was about 10 ng. U n­
treated conceptuses developed extensively over the 48 h culture period to the 
forelimb bud stage, with 25 pairs o f  somites and a m ean embryo protein content 
o f  249 fig. A bsolute growth and developm ental param eters o f control conceptuses 
are shown in Table I. The remaining data  in Table I are expressed as % o f control 
values, only concom itant control embryos being used for com parison with each 
chemical. In this way, variations between experiments, due to slight differences in 
the developmental stage of conceptuses at explantation, were eliminated.
A t a concentration of 5 mM in the culture m edium , each o f the alkoxy acetates, 
M AA, EAA, /r-PAA and «-BAA, adversely affected the developm ent o f concep­
tuses (Table I). In general, potency decreased with increasing length of the alkoxy 
chain, M AA and EAA clearly being more em bryotoxic than  either n-PA A  or n- 
BAA. M AA was slightly more em bryotoxic than  EAA and /z-PAA appeared to  be 
slightly m ore effective than n-BAA. O f the param eters m easured, the m orphological 
score and embryonic protein content were the most sensitive indicators o f em ­
bryotoxicity. 3-M PA and 4-MBA had little consistent effect on any o f the growth
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T A B L E  I
G R O W T H  P A R A M E T E R S  O F 9 .5 -D A Y  R A T C O NC EPTUSES C U L T U R E D  FOR 48 h IN  T H E  
PRESENCE OF A L K O X Y  A C ID S  (5 m M )
Addition to the M orpholo­ Embryo Yolk sac
culture medium gical score
Protein Crown-rump
length*
Head
length
Somite
number
Protein Diameter
None (pooled
Absolute values 
41.0 ±  0.2 249 ± 4.40 ±
J  +
2.29 ± 25.8 ± 121 ± 4.90 ±
controls) (n =  58) 6 /tg 0.04 mm 0.03 mm 0.2 0.05 mm
4-Methoxybuty-
Percent control value1 
95 ±  2 93 ±  3 95 ±  2* 91 ±  2 ** 97 ±  1 83 ±  3* 95 ±  2
rate (n =  16,12)b 
3-Methoxypro- 100 ±  1 92 ±  5 100 ±  2 99 ±  3 102 ±  1 103 ±  5 102 ±  3
pionate (n = 14,9) 
Methoxyacetate 38 ±  3 ** 52 ±  2** 80 ±  1** 72 ±  2 ** _  c 82 ,±  5* 89 ±  2**
(n =  24,33) 
Ethoxyacetate 68 ±  6 ** 60 ±  3 ** 88 ±  1** 79 ±  2** 85 ±  2 ** 9 0 - 4 91 ±  1**
(n =  14,13) 
rt-Propoxyacet- 92 ±  2 ** 82 ±  6* 93 ±  3* 88 ±  3 ** 97 ±  2 98 ±  10 97 ±  4
ate (n =  14,7)
\
rt-Butoxyacet- 94 ±  1** 85 ±  3* 96 ±  1 91 ±  2 ** 94 ±  1** 96 ±  5 94 ±  1*
ate (n =  17,11)
“Values are expressed as. a percentage o f concomitant controls (mean ±  SE). The S EM  values for the 
raw data o f the controls to each o f the experiments with the alkoxy acid were mainly (83% ) within the 
SEM  o f the pooled controls; the remainder of these values (17% ) were only marginally different. 
b(n =  x,y), x =  The number o f embryos in the experimental group; y =  The number o f embryos in 
the control group.
cThe number o f somites could not be determined because o f irregular somites an d /o r turning failure. 
* P < .0 5 ,  * * P < .0 1 .  Significantly different from controls by Student’s Mest.
param eters examined (Table I). The 6 com pounds had no statistically significant ef­
fect on any growth param eter at a concentration o f 2 mM (data no t shown), but 
at 5 mM , all produced morphological defects in cultured embryos (Table II). In 
general, the structure-activity  relationship for induction o f abnorm alities was con­
sistent with tha t observed for the growth param eters. M AA and EA A  were clearly 
the most potent com pounds, with M AA again being m ore active. n -P A A  and n- 
BAA were progressively less effective. 3-M PA and 4-MBA were slightly and equally 
dysm orphogenic, being generally, but not dram atically, less potent than  n-P A A  and 
/7-BAA.
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TA B L E  I I ____________  __  __  __
IN C ID E N C E  O F A B N O R M A L IT IE S  IN  9 .5 -D A Y  R A T CO N CEPTUSES C U L T U R E D  FOR 48 h IN  
T H E  PRESENCE O F A L K O X Y  A C ID S
*
Percent total conceptuses with defect
Irregular 
neural 
suture 
Hue score1*
Abnormal
embryos/
total
embrvosb
Abnormal
otic
Irregular
somites
Turning
failure
Open
cranial
folds
Abnormal
yolk
sac
Pooled Control 20 5/58 2 5
....... \"~ -
5
Alkoxy acid (2 m M )
4-Methoxybutyrate 66 0/14
3-Methoxypropionate 67 3/12 17 25
Methoxyacetate 366 12/18 50 39 17
Ethoxyacetate 363 7/16 13 6 6
rt-Propoxyacetate 71 1/14
n-Butoxyacetate 8 1/12 8 8
Alkoxy acid (5 m M )
4-Methoxybutyrate 205 3/14 29
3-Methoxvpropionate 184 4 /14 14
Methoxyacetate 600 24/24 100 100 54 100 100
Ethoxyacetate 593 14/14 100 100 21 36 86
/7-Propoxyacetate 314 9 /1 4 50 36 14
/j-Butoxyacetate 146 5 /17 29 12
a The neural suture line o f an individual embryo was scored as 0 (straight, normal) or 1 (slight wave) 
to 6 (severely wavy) (See Fig. lc for examples). Percentage embryos at each score were multiplied by their 
corresponding scores to give an overall total. 
b Excluding embryos with irregular neural suture line only.
The most frequent abnorm ality  produced was an irregularity o f the neural suture 
line (Fig. lc). This effect was m ost severe with M AA and EAA and decreased with 
increasing chain length o f the alkoxy acid (Table II), as did the abnorm alities seen 
in otic and somite developm ent (Fig. lb). Embryos treated with M AA and EAA 
showed a high incidence of abnorm al yolk sacs (Table II), the vasculature appeared 
disorganised and the persistence o f blood islands was apparent (Fig. la). A t a 
medium concentration o f 5 mM , 100% o f M AA- treated em bryos, but only 36% 
of the EAA- treated embryos, had open cranial folds (Fig. lb , Table II). Also, the 
increase in the incidence of turning failure was greater in the presence o f M AA than 
EAA.
At a concentration o f 2 mM the alkoxy acids in the culture medium produced a 
similar trend o f abnorm alities, with a correspondingly lower incidence (Table II).
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Fig. 1. Rat embryos a fte r culture fo r 48 h in  the presence (o r absence, C O N ) o f each o f the a lkoxy acids 
(5 m M ). (a) W hole conceptuses. The visceral yo lk  sacs o f  the M A A  and E A A  treated conceptuses are 
m orpho log ica lly  abnorm al, (b) Side view o f  embryos. Embryos treated w ith  M A A  and E A A  are grossly 
abnorm al, showing irregu la r somites, abnorm al otic vesicles and open cranial fo lds (M A A  only). E m ­
bryos treated w ith  « -P A A , /t-B A A , 3 -M P A  and 4 -M B A  are s ligh tly  retarded but do not show m a jo r 
s tructura l defects, (c) Dorsal view o f  em bryos. Waviness o f the neural suture line. C on tro l =  1 (slight 
k ink ), 3 -M P A  =  3 (s ligh t/m odera te), E A A  =  6 (severe). Scale bars = 1 mm. C O N , con tro l.
D ISCUSSIO N
It has previously been established that M A A  is dysmorphogenic and growth retar­
ding towards rat conceptuses in culture [13]. The present results are in good agree­
ment w ith that study and show that these properties are shared by other alkoxy acids 
and that the toxic potency o f the compounds is determined by the length o f the a lkyl 
chain and the position o f the ether linkage in the molecule. The structure-activ ity 
relationships were as follows: M A A  and E A A  were clearly the most embryotoxic 
compounds, and o f this pair the methoxy derivative was the more potent. The other 
alkoxy acetates, n -P A A  and /?-BAA, were less effective, but the shorter n -P A A  
seemed slightly more potent. O f the 3 methoxy acids, M A A  was much more em­
bryotoxic than 3-M PA or 4-M BA. The last two compounds were the least effective
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o f  those studied, although not m arkedly different in dysm orphogenic potential to 
n -PA A  and n-BAA. "
It is likely that this structure-activity relationship represents the intrinsic em- 
bryotoxic potential o f these com pounds and reflects differences in affinity or activ­
ity a t the initial site o f action. However, the possibility that the structure-activity  
relationship might reflect distributional differences, fo r example ability to enter the 
em bryonic com partm ent, cannot be *excluded. O ur observations suggest that the 
lack o f teratogenicity o f BE in vivo is a reflec tipno f the limited teratogenic potential 
o f its alkoxy acid m etabolite, and further that propoxyethanol is not likely to  be a 
m ajor teratogenic hazard in vivo.
A com parison o f the relative biological activities with chemical structure and with 
various physico-chemical param eters o f the com pounds does not reveal any obvious 
correlations. Two pairs o f structurally isomeric com pounds, E A A /3-M PA  and n- 
PA A /4-M B A , which d iffer in the position o f the ether linkage, are o f particular in­
terest. EA A  was much more embryotoxic than 3-M PA, and also showed a 
significantly lower pKa value (3.36, cf. 4.46) [19]. However, there was a similar dif­
ference between the pKa of nPA A  (3,65) and 4-MBA (4.68) [19], with little dif­
ference in overall activity. Com parison o f the present observations with those from 
our laboratory  on unsubstituted aliphatic carboxylic acids [20] m ay be inform ative. 
The carboxylic acids exerted generally similar actions to those reported here for the 
alkoxy acids, but were about 5-fold more potent. Interestingly, butyric and pen- 
tanoic acids were the most effective of the straight-chain carboxylic acids, and these 
are o f the same overall chain length as M AA and EA A , respectively. All the un­
substituted carboxylic acids tested had pKa values in the range 4.7-4.9.
The activity spectrum  o f m onoethers o f ethylene glycol for the testes seems 
analagous to  that for the conceptus, since ME and E E , but not BE caused testicular 
dam age and inhibited spermatogenesis [21]. Furtherm ore, the testicular toxicity of 
M E and EE in vivo was contingent upon the oxidation o f the prim ary alcohols to 
the alkoxy acetic acids [22,23] or, perhaps, alkoxy acetaldehydes [24]. In the testes 
o f  adult rats and in mixed cultures o f Sertoli and germ cells from  the testes o f im­
m ature rats, however, n-PA A  and «-BAA, in contrast with M A A  and EAA, did not 
cause degeneration of pachytene and dividing spermatocytes [24,25]. It appears, 
therefore, tha t both the testicular toxicity and teratogenicity o f the alkoxy acids are 
dependent upon the chain length o f the alkoxy moiety.
In conclusion, it has been shown that the teratogenic potential o f the alkoxy acids 
R O (C H 2)nCO O H ; (n = 1-3) in vitro, is highly dependent on the length o f the 
alkoxy chain (R) and the value o f n. Because o f the observed specific structural re­
quirem ents, the teratogenicity o f the alkoxy acids is unlikely to be a non-specific 
toxic response. This structure-activity relationship may be of value in the elucida­
tion  o f the biochemical mechanisms o f teratogenicity o f the glycol ethers.
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Short-Chain Carboxylic Acids, A New Class 
of Teratogens: Studies of Potential 
Biochemical Mechanisms
by Mary E. Coakley,* Sally J. Rawlings,** and Nigel A. 
Brown**
Certain short-chain carboxylic acids (SCCA) appear to share a common teratogenic potential, although 
the structural requirements for activity remain obscure. By using a whole rat embryo culture model 
system, several biochemical processes have been examined, either as potential initial sites of teratogenic 
action or as early steps in the pathway to malformation. Valproate, methoxyacetate, and butyrate were 
the prototype SCCA examined. Measurement of [14C]glucose utilization and lactate production confirmed 
that energy production by the early organogenesis embryo is predominantly from glycolysis. While the 
positive control agent, iodoacetate, caused a significant inhibition of lactate production, none of the SCCA 
affected this process or glucose utilization at teratogenic concentrations. Valproate did not influence 
embryonic acetyl CoA levels, in marked contrast to the reported response of adult liver, the other major 
target of valproate toxicity. Pinocytosis by the visceral yolk sac (VYS) was measured by the uptake of 
[125I]polyvinylpyrrolidone. This process ultimately supplies the embryo with amino-acids and is essential 
for normal development. SCCA induce morphological abnormalities of the VYS in embryo culture. Pinocy­
tosis was slightly reduced by valproate, but not the other SCCA. However, comparison with the action of 
an antiserum, for which inhibition of pinocytosis is the initial teratogenic insult, suggests that this is not 
the mechanism for valproate. Incorporation of [3H]thymidine into embryo or yolk sac was not affected 
after 3 hr of SCCA exposure, but there was a marked effect of the positive control, hydroxyurea. This 
suggests that DNA synthesis is not directly influenced by SCCA. It can be concluded that SCCA do not 
exert their teratogenic effects by actions on glycolysis; maintenance of cellular acetyl CoA; pinocytosis 
or DNA synthesis. These observations contrast with preliminary results which suggest significant effects 
of SCCA on embryonic and yolk sac lipid metabolic pathways.
embryonic, compartment since direct exposure of iso­
lated rat embryos to the glycol ether is without effect, 
while the acid is dysmorphogenic (8).
Using a whole embryo culture model system, we have 
studied the potential teratogenicity of about 30 SCCA 
and related compounds (2,8-10 and unpublished obser­
vations). Many SCCA induce a similar spectrum of 
structural abnormalities in embryo culture, although 
potency varies over two orders of magnitude. Of all 
SCCA tested to date, butyrate is the most potent, al­
though this compound would not be expected to pose a 
major hazard in  vivo because of rapid clearance. Note­
worthy aspects of the structure-activity relationships 
(SAR) in  v itro  include: an absolute requirement for a 
free carboxyl group; a reduction in potency with any 
substitution of C in the alkyl chain (e.g., N, S, or 0); 
maximum activity at overall alkyl chain lengths of 4 or 
5. So far, this SAR has resisted any mechanistic expla­
nation, and there are no simple relationships with lipid 
solubility, pK a or any known pharmacological or bio­
chemical activities.
There have been no direct comparisons of the tera­
Introduction
A series of observations from experiments in  vivo 
and in  v itro  suggest that short-chain carboxylic acids 
(SCCA) share a common property of teratogenic poten­
tial and may represent a new class of teratogens of 
human significance. The anticonvulsant drug valproic 
acid (Depakene, Epilim) is a simple SCCA of systematic 
name 2-propylpentanoic acid and is teratogenic in sev­
eral laboratory species (1-3) and probably also in the 
human (4,5). Methoxyacetic acid is the major metabolite 
of the glycol ether, 2-methoxyethanol (ethylene glycol 
monomethyl ether) (6). We have shown that the tera­
togenic effect of 2-methoxyethanol in the rat is probably 
mediated by this alkoxy-SCCA metabolite (7). Metab­
olism appears to occur in the maternal, but not the
*Experimental Embryology and Teratology Unit, Medical Re­
search Council Laboratories, Woodmansterne Road, Carshalton, Sur­
rey, SM5 4EF, England.
tToxicology Unit, Medical Research Council Laboratories. 
tAuthor to whom all correspondence should be addressed.
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togenic activities of several SCCA in  vivo. However, 
reported malformation profiles are broadly similar, 
which is in general support of the proposal that SCCA 
share common activities and, perhaps, common mech­
anisms of action. In the mouse, treatment in early or­
ganogenesis with valproate (2), valproate analogs (Nau, 
personal communication) or 2-methoxyethanol (11) in­
duces exencephaly and abnormalities of the axial skel­
eton, while later treatment can cause limb defects. In 
the rat, defects of the axial skeleton predominate 
(1,3,7). It is interesting that most of these malforma­
tions are “general,” that is to say, commonly induced 
by many trea tm en ts, including m aternal toxicity 
(12,13). There is little doubt, however, that at least 
some SCCA have effects on the embryo in  vivo at sig­
nificantly lower doses than those which induce overt 
maternal toxicity. In other words, these compounds are 
“teratogenic hazards” (2,11,U).
The aims of current studies are to identify the em­
bryonic site(s) of biochemical action of SCCA and to 
characterize the initial biochemical response(s). The em­
bryo culture model system has been used for two main 
reasons. The exposure conditions required for SCCA to 
induce structural defects consistently are well estab­
lished in this laboratory. In addition, the use of radi­
otracers and other biochemical manipulations are facil­
itated, compared to the whole animal. We report here 
the potential actions of three prototype SCCA—val­
proate, methoxyacetate, and butyrate—on four pro­
cesses: glycolysis, maintenance of cellular acetyl CoA 
levels, pinocytosis, and DNA synthesis.
Glycolysis is the major source of energy in the rodent 
organogenesis embryo (15) and disruption of this pro­
cess can lead to so-called “fuel-mediated” teratogenesis 
(16). In addition, it has been suggested that methoxy­
acetate exerts its testicular toxicity by interference 
with lactate production and utilization in Sertoli cells 
(17,18). In adult liver, valproate profoundly affects cel­
lular acetyl CoA levels leading to various biochemical 
derangements and, ultimately, hepatotoxicity (19,20). 
[Some of our studies on embryonic acetyl CoA and val­
proate have been published (21)]. Pinocytosis by the 
visceral yolk sac was examined because it is essential 
for normal development and the yolk sac is morphol­
ogically affected by SCCA (2,8,10). Finally, potential 
actions on DNA synthesis were examined because 
SCCA are growth retarding and appear to be capable 
of affecting most organs of the conceptus. Normal DNA 
synthesis is required for the development of all embry­
onic primordia.
Materials and Methods
Culture Techniques
All the studies reported here used explanted whole 
conceptuses (i.e., embryo, amnion, visceral yolk sac, 
and placenta) maintained in  v itro, as follows. LAC-P 
rats were mated overnight; those females with plugs 
the following morning were considered to be in the first
day of gestation. Embryonic ages used throughout this 
report were calculated from zero time as the mid-point 
of the mating period. The whole embryo culture tech­
niques used have been described in detail elsewhere 
(22). In brief, standard 9.5-day 48-hr cultures were per­
formed as follows. Conceptuses were explanted on day 
10 of gestation. Two or three conceptuses were cultured 
in 50-mL Soveril bottles containing 4 mL of standard 
medium, comprising 75% immediately centrifuged, 
heat-inactivated rat serum and 25% Eagle’s Minimal 
Essential Medium with Earle’s salts (MEM). Bottles 
were rotated at 30 rpm and incubated at 37°C for 48 hr. 
The initial gas phase was 5% 02, 5% C02, 90% N2. The 
oxygen content was increased to 20% at 16 hr and 40% 
at 26 hr (5% C02 at all times). Where SCCA were added, 
the acid was neutralized by dissolving in an equimolar 
volume of 1 N NaOH, followed by dilution to volume 
with MEM to form a neutral stock solution in MEM. 
Throughout the studies, measurement of total protein 
content was by the method of Lowry.
i
Glycolysis ;
After 16 hr of standard culture, three or four con­
ceptuses were transferred into 53 x 15 mm plastic tubes 
(minivials, Gordon-Keeble) containing 1 mL standard 
medium including 1.1 fxCi [U-14C]glucose (270 mCi/ 
mmole, Amersham). The mean glucose concentration of 
batches of rat serum was 1.5 mg/mL, as determined by 
a glucose oxidase colorimetric assay (Sigma). MEM con­
tains 1 mg/mL glucose, giving a final medium specific 
activity for glucose of 0.144 mCi/mmole. Conceptuses 
were incubated for 8 hr, with or without treatment, at 
37°C with 20% 0 2 and rolling at 60 rpm. Conceptuses 
grew well under these conditions, with active heart beat 
and yolk sac circulation throughout. At the end of in­
cubation, 10 |xL samples of medium were taken for de­
scending paper chromatography with butanol/water/ 
acetic acid (4:5:1) as solvent, in order to separate glucose 
from metabolites. Paper was cut into strips that were 
counted for radioactivity. The R { values for glucose and 
lactate were determined from standards.
Acetyl CoA
Two experimental designs were used. (1) After 16 hr 
of standard culture, valproate was added to the medium 
to a concentration of 1.5 mM and cultures were contin­
ued for 8 hr. Conceptuses were then harvested, washed, 
snap-frozen in liquid N2 and stored overnight at -  70°C. 
(2) After 40 hr of standard culture, valproate was added, 
as above, and cultures continued for 4 hr. During this 
period, conceptuses were taken each hour for immediate 
analysis. Acetyl CoA was determined by the citrate 
synthase method of Pande and Caramancion (23). The 
assay method was as described, but tissue preparation 
was scaled down so that single 11.3-day (40-44 hr) em­
bryos or yolk sacs, or three 10.5-day (24 hour) concep­
tuses could be assayed.
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Pinocytosis
The method for measuring fluid-phase pinocytosis by 
visceral yolk sacs was essentially that of Williams et al.
(24), as we have described in detail elsewhere (25). 
Briefly, 11.3. day conceptuses were cultured individually 
in minivials containing 1 mL of 25% rat serum, 75% 
MEM including 1.0 |xCi [125I]polyvinyl-pyrollidone 
(PVP). After 4 hr incubation, with or without treat­
ment, at 37°C, 40% 0 2, and rolling at 60 rpm, yolk sacs 
were isolated, washed, homogenized, contained radio­
activity counted and protein content measured. Pino­
cytosis is expressed as a clearance, in units of microli­
ters of medium whose contained radioactivity was taken 
up per milligram yolk-sac protein per hour (24).
DNA Synthesis
Thymidine incorporation was measured over two ex­
posure periods. Following 16 hr standard culture, 
SCCA was added to the medium. After 2 hr of exposure, 
3 pCi/mL [3H-methyl]thymidine (25 Ci/mmole) was 
added, and incorporation allowed to proceed for an ad­
ditional 1 or 2 hr. Alternatively, 11.3-day conceptuses 
were cultured in minivials in 1 mL standard medium. 
Following a 1-hr pre-equilibration, SCCA was added, 
and experiments proceeded as above. Preliminary ob­
servations showed that incorporation of activity into 
acid-insoluble fractions of embryo and yolk sac was lin­
ear over 2 hr. At the end of incubation, embryos and 
yolk sacs were isolated, washed, homogenized, and a 
sample taken for DNA determination (26). Protein car­
rier (serum) was added and samples were TCA precip­
itated, centrifuged, the soluble fraction taken for count­
ing and the pellet was washed twice by resuspension 
before counting.
Results
Glycolysis
The amount of [14C]glueose utilized and lactate pro­
duced by 10.5-day conceptuses is shown in Table 1. 
Overall, conceptuses utilized about 900 pmole glucose/ 
|xg protein/hr and produced from it about 1500 pmole 
lactate/pg protein/hr, which is greater , than 80% con­
version. This conversion is consistent with previous 
data concerning mouse and rat embryos (15,27) and the 
rate of lactate production is very similar to published 
data on rat embryos at this stage (27). Exposure of 
conceptuses to the positive control compound, iodoac- 
etate, which inhibits glycolysis at the glyceraldehyde 
phosphate dehydrogenase step, resulted in a 90% in­
hibition of lactate production (Table 1). Concentrations 
of iodoacetate as low as 3 |xM significantly reduced lac­
tate production (data not shown). Valproate, butyrate, 
and methoxyacetate had no significant effect on glucose 
utilization or lactate production, nor on total protein 
content (Table 1).
Table 1. Glucose utilization and lactate production by 10.5-day 
rat conceptuses in vitro during an 8-hr exposure to carboxylic 
acids.
Glucose Lactate
utilized, produced, Protein, Number of
Treatment____ pmole/p.g/hra pmole/fjLg/hra pVconceptus3 samples
Control 928 ± 47 1508 ± 46 119 ± 4 12
Valproate 797 ± 56 1417 ± 62 103 ± 2 6
(1.5 mM)
Butyrate 1049 ± 149 1656 ± 69 114 ±2 6
(0.75 mM)
Control 863 ± 87 1365 ±52 119 ± 6 6
Methoxyacetate 827 ± 111 1255 ± 31 116 ± 6 6
(5.0 mM)
Iodoacetate 867 ± 63 183 ± 14** 64 ± 7** 3
(0.1 mM)
aData as X  ± SE. Each sample was three or four conceptuses. 
** Significantly different from control, p <  0.01, ANOVA.
Acetyl CoA
The acetyl CoA content of 10.5-day conceptuses is 
shown in Table 2. These values were measured after 
samples had been frozen and stored overnight. We have 
found that recovery of acetyl CoA is about 40% efficient 
by this procedure, compared to 95% for unfrozen, uri- 
stored samples. Freezing of these samples was neces-; 
sary because conceptuses were removed from culture 
in the late afternoon, and the acetyl CoA assay requires 
a full working day. There was no significant effect of an 
8-hr exposure to 1.5 mM valproate on acetyl CoA levels 
(Table 2). Total protein content of conceptuses was also 
not affected by valproate. Protein values in these ex­
periments are lower than those shown in Table 1 be­
cause conceptuses were TCA precipitated, and the pel­
le t washed and redissolved p rio r to pro tein  
determination.
As described for the younger conceptuses- there was 
also no effect of 1.5 mM valproate on acetyl (3oA levels 
in 11.3-day embryos or yolk sacs exposed for 4 hr (Fig. 
1). The acetyl CoA level was about 100 pmole/mg pro­
tein in these freshly analyzed tissues, which is compa­
rable to adult liver (23). The level in 10.5-day concep­
tuses is also of this order, the lower values shown in 
Table 2 being due to loss during freezing and storage, 
as described.
Pinocytosis
Uptake of [125I]PVP was measured as an index of 
fluid-phase pinocytosis by the visceral yolk sac of 11.3-
Table 2. Acetyl CoA content of 10.5-day rat conceptuses after 8 
hr exposure to valproate in vitro.
Acetyl CoA, pmole/ Protein, |xg/
Treatment mg protein3 conceptus3
Control 41.5 ± 6.0 84.5 ± 5.0
Valproate (1.5 mM) 46.3 ± 6.0 92.4 ± 3.1
“ Data as X  ±  SE, four samples, three conceptuses each. No sig­
nificant differences between treatment and control, Student’s t test,
p > 0.2.
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F ig u r e  1. Acetyl CoA content of 11.3-day rat conceptuses in vitro 
during a 4-hr exposure to 1.5 mM valproate. There are no signif­
icant time or treatment-related effects (analysis of variance).
day conceptuses. Four series of experiments are sum­
marized in Table 3. Uptake was slightly, but signifi­
cantly, reduced by 5 mM valproate exposure, and there 
were small, insignificant reductions with 5 mM butyrate 
and 20 mM methoxyacetate. Lower concentrations of 
each acid were without effect. The positive control 
treatment, an antivisceral yolk-sac endoderm anti­
serum, induced significant reductions of uptake at both 
doses tested (Table 3). In each series, total yolk-sac 
protein content did not vary between treatment and 
control groups (data not shown).
DNA Synthesis
The incorporation of [3H]thymidine into acid-soluble 
and -insoluble fractions of 11.3-day conceptuses is shown 
in Table 4. Although incorporation (on the basis of DPM/ 
p.g DNA) into both fractions was greater for yolk sac 
than embryo, fractional incorporation (insoluble/total) 
was identical for the two tissues over 1- and 2-hr thy­
midine, exposures (data not shown). Overall, SCCA ex­
posure had little . influence on incorporation. Table 4 
shows data obtained after 1 hr thymidine, but similar 
results were collected at 2 hr. From the analysis of
Table 3. Pinocytosis of 125I-PVP by the visceral yolk sac of 11.5- 
day rat conceptuses in vitro during a 4-hr exposure to carboxylic
acids.
Treatment Concn
Fluid pinocytosed 
|xL/mg yolk sac protein/hra
Control 2.25 ±0.05 (n = 6)
Valproate 2 mM 2.00 ± 0.20 (n = 4)
5 mM 1.85 ± 0.09* (n = 6)
Control 2.08 ± 0.10 (n = 6)
Butyrate 2 mM 2.31 ± 0.40 (n = 3)
5 mM 1.76 ±0.18 (n = 7)
Control 1.51 ± 0.20 (n - 5)
Methoxyacetate 10 mM 1.59 ± 0.07 (n = 6)
20 mM 1.48 ±0.14 (n = 5)
Control 2.01 ± 0.09 (n = 12)
Antiserum 10 (xL/mL 1.61 ± 0.08t (•n = 9)
50 p,L/mL 0.88 ± 0.101 (n = 4)
a Values as X  ± SE (n = number of conceptuses).
* ,t Statistics by ANOVA; *p  <  0.05; t  p <  0.01 compared to con­
tro l.
variance, three significant treatment-related differ­
ences were detected. Incorporation into the acid-insol­
uble fraction of yolk sacs was slightly increased by both 
butyrate (2 mM) and valproate (5 mM), whereas soluble 
counts were increased in yolk sacs exposed to 20 mM 
methoxyacetate (Table 4).
[3H]Thymidine incorporation was also measured us­
ing 10.5-day conceptuses in an identical protocol (data 
not shown). Again, SCCA exposure had little influence, 
excepting a significant increase in acid-insoluble counts 
in methoxyacetate (20 mM)-treated yolk sacs at 2 hr 
(data not shown). None of the data, at either embryonic 
age, give any indication of an inhibition of [3H]thymidine 
incorporation caused by SCCA.
In contrast to the lack of effect shown by SCCA, the 
positive control compound, hydroxyurea (2.5 mM), in­
duced marked changes. Counts in the soluble fractions 
of 11.3-day conceptuses were increased to 209% and 
170% of control for embryos and yolk sacs, respectively 
(Table 4). Acid-insoluble counts were reduced to about 
2% of control for both embryos and yolk sacs (Table 4).
Discussion
Experimental Design
The rationale for performing these experiments using 
the in  v itro  whole embryo culture model was that both 
exposure and response are more reproducible in this 
system, compared to in  utero, and that radiotracer stud­
ies are greatly facilitated. It is important, however, to 
ensure that the model accurately reflects teratogenesis 
in  vivo. In other studies, we have shown that manip­
ulation of concentration and timing of exposure to val­
proate in  v itro  enables the production of embryos with 
abnormalities of widely differing severity and mor­
phology (2,28). Almost all embryos exposed to 1.5 mM 
valproate from 16 to 24 hr of standard culture and ex­
amined at 48 hr show abnormalities in mesoderm seg­
mentation manifest as somite defects. These defects are 
apparently identical to those of 11.5-day embryos in  vivo 
following valproate treatment on gestation day 11 (28). 
These embryos, both in  vivo and in  v itro , are relatively 
subtly affected, and we have observed that embryos 
that are more grossly abnormal at this stage in  vivo do 
not survive to term. In designing biochemical studies 
of teratogenesis, it is important to avoid measurements 
on grossly defective embryos, which may have artifac- 
tual biochemical abnormalities.
Another major problem in biochemical studies of ter­
atogenesis is the timing of measurements in relation to 
exposure so that observed effects are restricted to initial 
insults, or early events in the sequence leading to mal­
formation. The majority of the studies described here 
utilized the experimental design described above, with 
exposure to SCCA from 16 to 24 hr of culture. Mea­
surements were made during, or at the end of, this 
period, since it is clear that the teratogenic insult has 
been delivered by 24 hr and is not reversed by returning 
embryos to control conditions. Any biochemical change
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Table 4. Incorporation of [3H]-thymidine by 11.3 day rat conceptuses in vitro during the final hour of a 3-hr exposure to carboxylic
acids.
DPM x
Soluble
10"3/|xg DNA
Insoluble DNA (p.g)
E YS E YS E YS
Control (n = 11) 1.1 ±0.3 2.2 ± 0.7 3.1 ±0.6 6.5 ± 1.2 24 ± 5 5.2 ±  1.0
Butyrate, 2 mM 1.1 ± 0.3 2.4 ± 0.5 3.0 ± 0.7 7.3 ±2 .1* 21 ± 7 4.6 ± 1.2
Control (n = 4) 0.9 ± 0.2 1.4 ± 0.1 3.0 ±0.9 5.2 ± 0.3 24 ± 4 6.2 ± 1.0
Valproate, 5 mM 0.8 ± 0.2 1.5 ± 0.3 3.2 ± 0.6 6.0 ± 0.6* 22 ± 7 5.8 ± 1.3
Control (n = 4) 0.8 ±0.1 1.9 ± 0.3 2.3 ± 0.4 5.6 ± 0.4 29 ± 5 6.4 ±  0.9
Methoxyacetate, 20 mM 1.0 ±0.1 2.4 ±  0.2* 2.5 ± 0.1 5.3 ± 0.1 37 ± 6 8.3 ± 1.2
Control (n = 4) 1.1 ±0.1 2.0 ± 0.1 3.6 ± 0.3 6.7 ± 0.4 28 ± 5 7.0 ± 1.1
Hydroxyurea, 2.5 mM 2.3 ± 0.2t 3.4 ± 0.4t 0.07 ± 0.006$ 0.16 ± 0.02$ 23 ± 4 6.7 ± 0.6
‘ Data as X  ±  SD, * ’t ,  I  Significance by ANOVA: *p  <  0.05, tp  <  0.01, %p <  0.001.
that cannot be detected at 24 hr cannot be an early, 
“initiating” event. ‘
From studies of different SCCA exposure levels and 
times, it is clear that virtually all tissues of the concep- 
tus can be rendered morphologically abnormal by SCCA 
treatment in  vitro. When exposure is manipulated to 
result in subtle defects of specific organs, we would 
propose that a similar biochemical insult (e.g., enzyme 
inhibition) is delivered to most, or all, cells of the con- 
ceptus. However, primordia respond differently, de­
pending upon the developmental processes underway 
at the time of insult. (The induction of somite defects 
suggests that some aspect of mesoderm segmentation 
is especially sensitive to the changes induced by SCCA 
exposure.) Following this argument leads to the con­
clusion that the whole embryo can be taken for analysis 
of biochemical changes, rather than just those tissues 
which give rise to defective structures.
Glycolysis
The current data on glucose utilization by early or­
ganogenesis embryos are in agreement with previous 
studies of carbohydrate metabolism and energy pro­
duction at this stage, which show that glycolysis is the 
major (—90%) pathway (15,27). The observed rate of 
lactate production (1300-1500 pmole/mg protein/hr, Ta­
ble 1) is very similar to that in an earlier study of rat 
conceptuses in  v itro  (27) and also to that in a study of 
mouse conceptuses, when reported inaccurate calcula­
tions are corrected (29). A second study of the mouse 
reports much higher rates, but this is probably due to 
differences in protein determinations (15).
None of the three SCCA tested had any effect on 
glucose utilization or lactate production (Table 1), in 
contrast to the positive control, iodoacetate. It has been 
suggested that methoxyacetate exerts its testicular tox­
icity by interfering with lactate production and/or uti­
lization by Sertoli cells (17,18). The structure-activity 
relationships for SCCA and teratogenic potency in 
whole embryo culture are remarkably similar to those 
for SCCA in a Sertoli/germ cell culture model of testic­
ular toxicity (Gray et al., unpublished). Whether or not
the testicular toxicity of SCCA involves effects on gly­
colysis, it seems clear that their teratogenic action does 
not.
Acetyl CoA
The major adverse effect of valproate in the adult, 
both clinically and in laboratory animals, is hepatotoxic- 
ity (30). The exact mechanism of this action is not 
known, but it is clear that there are many hepatic bio­
chemical disruptions which can be explained by reduced 
concentrations of cellular CoA and derivatives (19,20). 
Hepatic valproate treatment in  vivo or in  v itro  results 
in a dramatic fall in cellular acetyl CoA levels within 30 
min (19,20). The results presented in Table 2 confirm 
our previous observations that valproate has r.;o action 
on embryonic acetyl CoA (21). This is thought to be due 
to the lack of enzymatic conversion of valproate to val- 
proyl CoA (21).
In other studies (Rawlings et al., unpublished), we 
have found no evidence for embryonic conversion of 
methoxyacetate to methoxyacetylglycine—the major 
metabolite in the adult (31)—which also proceeds 
through an acyl-CoA intermediate. In contrast, buty­
rate is extensively incorporated into acid-insoluble ma­
terial by the yolk sac and embryo (32), suggesting com­
petence at forming the CoA derivative of this natural 
SCCA. Since these three SCCA exert similar actions 
on the isolated embryo, it seems unlikely that embryonic 
metabolism of the compounds has a major role in the 
teratogenic action.
Pinocytosis
Treatment of rat or mouse conceptuses in  v itro  with 
SCCA induces morphological abnormalities of the vis­
ceral yolk sac at media concentrations only slightly in 
excess of the minimum concentrations that cause em­
bryonic defects (2,10). These VYS abnormalities are 
apparent on gross observation and it is likely that more 
subtle changes induced by lower concentrations would 
be revealed by histological examination. In other stud­
ies we have shown that an anti-VYS endoderm anti­
110 COAKLEY, RAWLINGS, AND BROWN
serum induces teratogenesis by interfering with VYS 
pinocyotic function (25). In whole embryo culture, this 
antiserum can induce abnormality of 67% of embryos at 
a concentration where only 20% of VYS have any ob­
servable defect (25). Thus, embryonic defects can be 
induced by impaired VYS function even when there is 
no apparent action on VYS morphology and it was 
thought that the SCCA may mediate their effects by a 
similar mechanism.
The data in Table 3 show that the SCCA have no 
effect on VYS pinocytosis at high teratogenic concen­
trations. There was a significant reduction induced by' 
valproate at 5 mM, but this is not thought to be signif­
icant, from the following comparison. The lower con­
centration of positive control antiserum used (10 |xL/ 
mL) significantly reduced pinocytosis (Table 3). This 
concentration induces 67% embryonic abnormality in 
9.5-day rat conceptuses exposed for 48 hr, but is not 
grossly toxic to the VYS, inducing only 20% defects
(25). In cultures of the same design, 2 mM valproate, 2 
mM butyrate, or 10 mM methoxyacetate would induce 
grossly abnormal VYS and embryos, but these concen­
trations did not affect VYS pinocytosis (Table 3).
DNA Synthesis
It is widely accepted that agents which interfere with 
DNA synthesis or function in the embryo are likely to 
be teratogenic (33). At the early organogenesis phase 
all embryonic primordia are actively dividing, although 
the exact rate varies from organ to organ at any one 
time. Because the SCCA are growth-retarding and 
seem capable of affecting virtually all tissues of the em­
bryo, under appropriate exposure conditions, DNA syn­
thesis was considered as a potential target because it 
is one of the processes common and essential to all tis­
sues.
The design of the experiments was to attempt to mea­
sure an initial action on DNA synthesis (thymidine in­
corporation). Since SCCA, at appropriate concentra­
tions, can induce significant growth retardation in 
embryo culture over 24 or 48 hr (2,10), it would un­
doubtedly be possible to measure a reduction in DNA 
synthesis over such a time period. However, this is 
likely to be a secondary, rather than an initial, response. 
Thus, thymidine incorporation was measured during the 
third or fourth hours of exposure to teratogenic con­
centrations of SCCA. It is clear from the data shown 
in Table 4 that there is no initial inhibition of thymidine 
incorporation into acid-insoluble pools by SCCA. There 
is an apparent small stimulation of incorporation into 
the insoluble fraction of yolk sacs, but this is variable 
and of unknown significance. These experiments do not 
rule out the possibility of some effect on de novo purine 
or pyrimidine synthesis, as has been suggested for the 
related compound 3-hydroxybutyric acid (34). It is not 
clear whether such an effect would influence thymidine 
incorporation via  the salvage pathway over the time 
scale examined. The response to the positive control 
compound, hydroxyurea, does not help to resolve this
issue, as it inhibits DNA synthesis at the ribonucleoside 
diphosphate reductase step.
Conclusions
It is thought that the experimental designs used in 
these studies minimize the chances of measuring sec­
ondary biochemical changes after teratogen exposure. 
In addition, they ensure that embryonic tissues are ex­
amined during realistic exposures to SCCA, which are 
known to result in malformation. Therefore, the lack of 
effect of SCCA on glycolysis; acetyl CoA; pinocytosis 
and thymidine incorporation is not due to insensitive 
procedures, but strongly suggests that these processes 
are not involved in the early steps of the teratogenic 
mechanisms of these compounds. Confidence in this con­
clusion is bolstered by our recent experiments, of sim­
ilar design, in which the effects of SCCA on incorpo­
ration of [3H]acetate into lipid fractions has been 
measured (35). Both valproate and butyrate appear to 
induce highly significant changes. These changes affect 
specific classes of lipids and the responses of the embryo 
and the yolk sac appear to differ (35). The significance 
of the changes is not yet established, but they do illus­
trate that early biochemical changes can be detected in 
this model system. This strengthens the conclusion that 
the processes measured in this study are not involved 
in the teratogenic mechanism of carboxylic acids.
The authors are grateful for assistance and advice from Drs. S. J. 
Freeman and M. Webb, K. Hardy and L.-S. Jin, and to Dr. M. F. 
W. Festing for the statistical analyses.
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